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ABSTRACT 


Best  estimate  spectral  energy  distributions  arc  created  for  approximately  30  stars  by  fitting 
theoretically  expected  spectral  curves  to  the  available  empirical  flux  data  on  the  stars  at  a 
variety  of  wavelength-..  The  curv  es  can  be  integrated  over  the  band  response  functions  for  a 
given  sensor  in  order  to  produce  broadband  power  predictions  against  which  to  calibrate. 
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1.  OVERVIEW 

1.1  MOTIVATION 

It  is  desirable  to  monitor  and  improve  the  calibration  of  infrared  sensors  using  dbserva^ions  oii 
well-known  stellar  sources.  Such  universally  accessible  standard  sources  can  also  ease  comparison  be¬ 
tween  different  instruments.  These  goals  can  be  met  with  minimal  confusion  if  estimated  spectral  distn 
butions  of  these  stars  are  agreed  upon  by  many  researchers. 

With  this  in  view,  the  present  work  examines  the  available  astronomical  observations  and  uses 
these  and  stellar  atmosphere  theory  to  estimate  the  continuous  spectral  curves  for  about  30  stars  in  ihb 
wavelength  range  2  |im  <  X  <  100  |jm. 

1.2  USE 

Those  interested  in  producing  broadband  power  predictions  for  a  sensor  must  integrate  the  continu¬ 
ous  spectral  curves  over  their  particular  bands.  This  report  documents  the  origin  and  nature  of  these 
spectral  curves  and  provides  the  information  necessary  to  reproduce  them.  Section  2  reviews  the  avail¬ 
able  infrared  data  on  stars  of  interest;  Section  3  derives  a  two-parameter  function  describing  theoretically 
expected  spectra  for  stars  of  differing  temperature  and  apparent  angular  size;  Section  4  descn?'*2S  the 
process  of  fitting  this  function  to  the  data  and  checking  its  plausibility  as  a  correct  representation  of 
spectra:  and  Section  5  and  Appendix  B  contain  the  information  needed  to  generate  the  continuous 
spectral  distributions  for  individual  members  of  a  list  of  stars,  In  Section  5.  Tables  3.3  to  35  list  the 
parameters  to  be  used  in  the  function  for  specific  stars.  Appendix  B  contains  information  on  CO  bands 
for  each,  shows  whether  a  CO  absorption  band  in  the  stellar  spectrum  affects  the  result  of  an  integration 
over  some  band  of  interest,  and  if  so.  how  to  modify  the  smooth  spectrum  to  account  for  this. 

1.3  SUMMARY 

1.3.1  Stars 

Only  stars  with  smooth  infrared  spectra  showing  no  evidence  of  excess  emission  from  circumstel- 
lar  dust  clouds  are  fit  directly.  These  have  predictable  spectral  shapes.  Measurements  comparing  stars  of 
this  sort  also  have  the  property  that  ratios  of  inband  flux  depend  very  little  on  the  exact  shape  of  the ' 
passband  used  and  vary  only  gradually  with  changes  in  the  effective  wavelength  of  the  observations. 

1.3.2  Data 

Relative  measurements  (i.e.,  star^  =  h:  star,,  =  ].2  h;  etc.,  where  we  do  not  know  h)  are  collected  for 
more  than  30  stars  in  5  available  wavebands.  Measurements  of  absolute  flux  performed  on  a  smaller 
subset  of  these  stars  are  collected  and  reviewed.  The  combination  of  both  these  sets  of  measurements 
then  allows  the  construction  of  a  set  of  discrete  flux  values  at  a  variety  of  wavelengths  for  each  star. 
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1.3.3  Fitting  Function 

A  simple  two-parameter  function  is  developed.  The  starting  point  is  an  analytic  approximation  to 
the  semiempirical  solar  spectrum  of  Vemazza,  et  al.  [1].  Theoretical  arguments  aite  used  to  predic?  how 
this  shape  would  change  for  stars  of  lower  effective  temperatures.  The  final  generalized  spectral  function 
of  the  parameters  (the  effective  temperature  of  a  star)  and  Q  is  written  as  a  modified  Planck  function: 


=  nB 


llPlOi^ 
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f  > 
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exp 
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1  \  ^ffl) 

7 

where 


r(7^A)  =  0.738W,^ 

defines  the  brightness  temperature  as  a  function  of  wavelength  for  a  star  with  a  given  and  is  the 
solid  angle  subtended  by  the  star.  The  spectral  flux  is  given  in  Wcm'*  p’;  T(X,  5770  K)  gives  the  “whok 
disk"  solar  brightness  temperatures  from  the  model  M  in  [  1  ] . 

The  assumptions  made  about  stellar  opacity  in  the  process  of  deriving  this  function  hold  or  iy  f  j» 
1.6  |im  <  X  <  100  )im.  and  3500  K  <  6000  K.  The  function  can.  however,  be  used  to  fit  hotter  stafs 

if  one  ceases  to  consider  and  to  have  their  customary  physical  interpretation  and  regards  theri 
merely  as  mathematical  conveniences  (see  Section  4.  Table  30). 

1.3.4  Quality  of  Fit 

For  stars  with  effective  temperatures  w'ithin  the  function’s  range  of  validity,  values  of  7"^^  and  Q 
found  by  optimizing  the  fit  to  the  infrared  data  agree  very  well  with  values  determined  by  independent 
means  (to  <  59f  in  most  cases).  This  accuracy  is  high  enough  that  the  method  may  someday  be  of  interest 
as  a  means  of  determining  effective  temperatures  and  angular  diameters  for  stars.  The  excellent  agree¬ 
ment  provides  supporting  evidence  that  real  stellar  spectra  behave  as  the  fitting  function  supposes  (or  at 
least  that  all  observations  are  consistent  with  that  supposition). 

The  reduced  yj  values  calculated  for  the  fits  average  about  0.3.  Average  residuals  (data  point 
minus  fit)  are  about  3%  for  all  .stars.  No  evidence  of  systematic  differences  in  the  fits  from  one  class  of 
stars  to  another  is  apparent. 

The  overall  calibration  agrees  well  with  previous  calibrations.  It  is  virtually  identical  to  that  of  the 
infrared  astronomical  satellite  (IRAS)  at  12.  25.  and  60  pm  (Beichman  et  al.  [2]),  except  for  a  1.5% 


1  + 


79450 
XT 


eff 


0.182 


upward  correction.  It  also  agrees  within  1.5%  with  those  of  shorter  wavelengths  (Campins  et  a!.  [3]).  The 
20-|im  calibration  of  Rieke,  et  al.  [4]  differs  somewhat  from  both  Campins  et  al.  [3]  and  IRAS,  but  all 
agree  within  the  stated  uncertainties. 

The  infrared  spectral  distributions  produced  in  this  work,  therefore,  can  be  thought  of  as  continu¬ 
ous  curves  smoothly  merging  the  most  widely  used  calibrations  at  discrete  wavelengths.  These  continu¬ 
ous  curves  have  the  advantage,  however,  that  any  passband  can  use  them  and  that  the  fitting  procedure 
averages  out  random  errors  as  all  the  discrete  measurements  on  a  star  (at  different  wavelengths),  in 
effect,  enter  into  one  weighted  average. 

Except  for  those  stars  with  intrinsic  variability,  the  uncertainty  in  flux  values  obtained  from  our 
curves  should  be  3%  below  12  pm  (with  the  exception  of  the  regions  containing  CO  bands  where 
uncertainties  rise  to  perhaps  8%),  and  about  0.25  X%  above  12  pm  (i.e.,  a  linearly  growing  uncertainty) 
It  should  be  noted,  however,  that  this  uncertainty  estimate  is  based  on  a  priori  assumptions  about  the 
quality  of  the  data  and  validity  of  the  fitting  function.  The  actual  residuals  and  comparisons  of  stellar 
band  ratios  with  IRAS  band  ratios  of  asteroids  are  consistent  with  an  uncertainty  of  3%  all  the  way  out  to 
60  pm. 
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2.  STAR  DATA 


2.1  CHOICE  OF  STARS 

The  stars  reported  in  this  document  were  chosen  from  lists  that  were  included  in  Chambers  and 
Bagnuolo  (5]  and  Rieke  (6]  and  recommended  as  standard  calibrators.  (See  Ap^ndix  A  for  the  star 
selection  portion  of  the  Rieke  report.)  ' 

Rieke  groups  the  recommended  stars  into  two  lists  by  criteria  of  brightness,  predictability,  and  sky 
coverage.  His  primary  list  includes  mostly  main-sequence  (Class  V)  and  giant  (Class  III)  stars  of  spectral 
types  A,  F,  G.  and  K.  His  secondary  list  contains  cooler,  and  some  slightly  variable,  giant  stars  of 
type  M.  Supergiants  (Class  I)  are  rejected  as  standard  stars  because  of  more  extreme  variability  and  hard- 
to-model  spectral  shapes  characterized  by  the  strong,  lumpy,  excess  emission  of  circumstellar  dust. 
These  spectral  shapes  differ  even  among  stars  of  the  same  spectral  type  (with  almost  a  30%  difference  in 
the  IRAS  12-  to  25-pm  flux  ratios  measured  for  a  Ori  and  |i  Cep  even  though  both  stars  are  classified  as 
M2-I  supergiants).  Rieke  does  suggest  that  a  program  devoted  to  measuring  the  spectral  shapes  o'i 
individual  supergiants  and  monitoring  their  variations  against  members  of  a  network  of  primary  standard 
stars  would  make  them  valuable  as  long  wavelength  calibrators  because  of  their  great  brightness. 

In  this  work.  Class  III-V  stars  are  emphasized;  however,  the  fluxes  for  several  bright  Class  I  super¬ 
giants  (a  Ori,  a  Her,  a  Sco,  and  p  Cep)  are  also  evaluated  in  Appendix  A  in  an  indirect  manner  (by 
normalizing  rough  spectra  to  give  integrated  IRAS  flux  values  correctly  relative  to  the  integrated  IRAS 
fluxes  of  the  more  reliably  modeled  stars  on  the  primary  list). 

Rieke  estimates  the  infrared  variability  of  several  Class  III  stars  that  appeared  in  his  secondary  list; 
these  spectra  are  modeled  in  this  report.  The  values  given  in  Table  1  assume  that  infrared  variability  is 
about  1/3  the  measured  visible  light  variability. 


TABLE  1 

Expected  infrared  Variability  of  Selected  Stars 


Star 

Type 

Infrared 
Variability  (%) 

y  Dra 

K5  III 

2.5 

a  Cet 

M1.5  III 

2 

|i  Gem 

M3  III 

9 

a  Lib 

M3  III 

5 

(3  Gru 

M5  III 

11 

P  Peg 

M2.5  II 

16 

The  band  ratios  for  these  stars  should  remain  relatively  constant  during  changes  in  flux.  The 
absolute  flux  values  derived  in  this  work,  however,  must  have  the  expected  variation  added  as  an 
additional  uncertainty. 

2.2  RELATIVE  PHOTOMETRY:  1.6  TO  60  pm 

Astronomical  measurements  are  typically  relative.  Comparison  of  the  instrument  response  for  an 
object  of  interest  and  its  response  for  a  nearby  stellar  standard  (after  applying  an  empirically  determined 
correction  for  the  difference  in  airmass  along  the  two  lines  of  sight)  allows  new  observations  to  be 
introduced  into  a  system  of  relative  magnitudes  used  by  the  observer.  The  magnitude  scale  is  logarithmic 
and  designed  so  that,  apart  from  a  constant  offset  and  unavoidable  random  errors,  all  researchers  Whose 
instruments  are  linear  should  get  the  same  results  for  the  same  set  of  stars.  In  waveband  i  a  magnitude 
scale  would  be  defined: 

m.  =- 2.5  log (P.)  +  C,. 

where  P.  essentially  corresponds  to  the  instrument  response  for  a  star  at  a  given  elevation  on  a  given 
night.  (Note:  The  brighter  the  object,  the  more  negative  the  magnitude.) 

A  set  of  several  stars  and  astronomical  sources  would  typically  be  observed  on  a  given  night  and 
their  relative  brightness  represented  using  a  magnitude  scale.  The  constant  C.  would  then  be  adjusted  to 
bring  the  magnitudes  of  previously  known  members  of  the  set  into  line  with  their  previously  assigned 
magnitudes.  Any  new  observations  are  now  part  of  the  same  magnitude  system.  In  addition,  the  random 
errors  in  the  magnitudes  of  the  repeated  stars  can  be  reduced  by  averaging  in  the  new  observations. 

When  a  constant  C.  has  been  cho.sen.  it  may  be  thought  of  as  2.5  log(Zp.  where  Z,  is  a  new  constant 
essentially  describing  the  instrument  response  (corrected  for  the  atmosphere)  to  an  object  with  zero 
magnitude  (i.e..  it  defines  which  intensity  level  is  considered  zero  magnitude). 

Relating  instrument  response  to  actual  spectral  flux  units  above  the  atmosphere  is  usually  at¬ 
tempted  by  estimating  the  expected  flux  of  one  or  more  of  the  standard  stars  at  the  measured  wavelength. 
For  infrared  photometry  this  estimate  is  often  arrived  at  indirectly  using  theoretical  spectral  curves  and 
flux  measurements  of  the  standards  in  the  visible.  Thus,  the  flux  determination  is  not  an  integral  part  of 
the  infrared  measurements  themselves,  and  unless  two  researchers  have  adopted  their  e.stjmates  from  the 
same  third  source,  their  published  flux  values  may  disagree  even  though  their  actual  relative  measure¬ 
ments  agree  closely.  For  now.  only  a  best  estimate  of  the  relative  fluxes  of  the  standard  stars  will  be 
made,  so  all  attempts  at  absolute  calibrations  made  by  the  researchers  cited  will  be  ignored  until  a  later 
section. 

Tables  2  through  19  show  the  collected  relative  photometry  of  different  researchers.  Each  set  of 
magnitudes  has  had  its  constant  offset  adjusted  separately  so  that  all  agree  as  well  as  possible  with  each 
other.  The  actual  numerical  value  of  the  offset  adopted  in  each  waveband  should  at  this  point  be 
considered  arbitrary  (and  attention  paid  only  to  differences).  However,  for  purposes  of  later  reference  the 
end  results  of  the  present  work  have  been  used  to  set  the  constants  so  that  the  zero  magnitude  flux  in 
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each  waveband  is  defined  by  a  1 0,000  K  blackbody  curve  normalized  to  give  magnitudes  agreeing  with 
those  of  IRAS  at  long  wavelengths; 


zero  magnitude  = 


1.89x10-'- 
X‘'(expl  1.44  /  X)- 1^ 


(The  uncenainty  in  this  definition  of  the  absolute  scale  is  about  3%  below  12  gim  and  0.25  Xjim%  for  X  > 
12  gm).  This  absolute  calibration  is  not  based  on  the  original  papers  and  will  be  derived  in  subsequent 
chapters. 

The  effective  wavelength  attributed  to  the  photometry  in  Tables  2  through  19  is  an  approximate 
average  for  all  the  researchers'  wavebands.  For  stars  on  Rieke's  lists  of  standards,  the  relative  magni¬ 
tudes  change  slowly  with  observing  wavelength;  as  long  as  two  researchers  have  used  roughly  corre¬ 
sponding  wavebands,  the  exact  effective  wavelengths  need  not  be  the  same  to  allow  valid  comparison. 

2.3  NOTE  ON  SOURCES 

Uncenainties  were  taken  directly  from  the  appropriate  reference  when  available.  If  none  was  listed 
(or  only  a  range  indicated  I.  a  value  was  deduced  by  comparing  the  magnitudes  of  common  stars  with 
those  obtained  from  the  average  of  references  for  which  reliable  uncenainties  were  given. 

The  data  sets  included  in  the  following  tables  are  believed  to  be  independent  of  each  other. 
Johnson  110)  is  the  source  of  the  2.2-  and  .''..5-^011  photometry  in  Campins  et  al.  |3)  and  Noguchi  et  al. 
122);  thus  these  arc  not  included  separately  In  the  case  of  Gehrz  1 13).  Gehrz  and  Woolf  1 12).  and  Gehrz. 
Hackwell.  and  Jones  jl4).  it  is  not  entirely  clear  how  the  photometry  in  any  one  study  is  related  to  that  in 
the  others.  For  this  reason  they  arc  combined  (averaging  where  differences  existed)  into  one  set  of 
magnitudes  in  Tables  3  through  9  and  12  through  17. 
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TABLE  2 


l.e-pm  Relative  Photometry 


Star 

Spectral 

Type 

Engels 
et  al. 

m 

Thomas 

et  ai. 

tei 

a  CMa 

At  V 

-1.43 

-1.45 

lOO? 

±0.02 

a  CMi 

F5  IV 

-0  68 

±0,02 

a  Car 

FO  lb 

-1.34 

-1.35 

±0.02 

±0  02 

0.  Cen  A 

G2  V 

-1.46 

-1.50 

±0.05 

±002 

a  Cen  B 

Kl  V 

-0.57 

-0  58 

±0  05 

±0.02 

a  Lyr 

AO  V 

-0.02 

±0.02 

Region  o1  second  harmonic  of  CO  absorption  in  cool  stars. 
Entries  for  stars  having  no  significant  CO  absorptions  only. 


TABLE  3 


u  Boo 


(i  Ccm 
u  Hya 


a  CMj 


(/  CMi 


(j  Ccn  A 

u  ten  B 

<1  UMa 
(>  And 


2.2-Mm  Relative  Photometry  of  Nonvarlable  Stare 
(Claea  V*tll) 


•t  el. 
(12-14) 


UMa 


Spectrel 

Type 

Johnoon 

•t  el. 
110] 

Engele 
•1  el. 

n 

K2  III 

-3  07 

K6  III 

10  02 
-280 

-2.84 

10  02 

10,02 

G8  III 

-1  86 

KO  III 

10  03 
-lie 

K4  III 

lO  02 
-1  26 

-1.30 

10  03 

lO  02 

K2  III 

-0  70 

K3  II 

10  02 
-Obb 

-0  63 

i0  02 

10  02 

A1  V 

..1,37 

-1.45 

10  02 

10  02 

F5  IV 

•0  71 

-0  7  .5 

lOO? 

10  02 

AO  V 

-0  04 

G2  V 

10  02 

-1  67 

K1  V 

lOOb 
-0  69 

KO  III 

MO  III 

-1  90 

lO  Ob 

M2  III 

10  Ob 

-1/4 

K3  II 

10  04 
-0  00 

MO  III 

10  03 
-0  92 

10  03 

-1.82 
±0  03 
-1,13 
1003 


-060 
10  03 


-1  92 
10  03 


Low  end 

Frogel 

RIekt 

et  el. 

(16) 

[9] 

-3.06 

10.02 

-2.88 

-2  04 

10  02 

10  05 

-1.87 

-1  83 

1002 

±005 

-1,16 

-112 

10  03 

±005 

-0  67 

1003 

-1  46 

10.03 

-0  04 

10  03 

-1  91 

10  02 

-0  89 

10  02 

TABLE  4 


2.2-^m  Photometry  of  Mildly  Variable  Stars 
(Class  lll-il) 


Star 

Spectral 

Type 

Johnson 

et  al. 

110) 

Engels 
et  at. 

m 

Thomas 

et  al. 

18) 

Bergeat 
et  al. 

(11) 

Gehrz 

et  al. 
(12-14) 

Low  and 

Rieke 

(16) 

Frogel 
et  al. 

(9) 

yDra 

K5  III 

-1.37 

±0.03 

±0.04 

P  Cru 

M3  II 

-3.28 

±002 

P  Peg 

M2. 5 

-2.30 

-2  28 

il-lll 

±0.03 

±0.02 

>  Cru 

M3  II 

-3.13 

-3.22 

±0.02 

±0.02 

p  Per 

M4 

-2  00 

Il-lll 

i0.02 

p  CeiTt 

M3  III 

-1 ,9C 

-1.98 

I 

I 

t0.02 

±003 

I 

2Cen 

M4  III 

-1.71 

-1.74 

±002 

±0.02 

Ti  Gem 

M3  III 

-1.38 

±0.05 

(I  Car 

FO  1 

-1.37 

-1.40 

-1  41 

±0  05 

±0.02 

±0.02 

1 

it  Vir 

M3  III 

-1  32 

-1.27  ' 

-1.30 

±0  02 

±0.02  i 

1 

i 

±0.02 

A  Vcl 

K5 

-1.64 

-1.62 

-1.62 

l-ll 

±003 

±0.02 

±0.02 

0  Lib 

M4  III 

-1  47 

-1.49 

±0.02 

1 

1 

±0.02 

()2  Cru 

M3  III 

-0.98 

±0.02 
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TABLE  S 


2.2-Mm  Photometry  of  Variable  Stars  with  Circumstellar  Dust 

(Class  I) 


Star 

Spectral 

Type 

Johnson 

etal. 

[10] 

Thomas 

et  al. 

18) 

Gehrz 

et  al. 
[12-14] 

a  Ori 

M2  I 

-4.19 

-4.23 

-^.37 

±0.05 

±0.02 

±0.03 

M  Cep 

M2  1 

-1.82 

-1.97 

±0.05 

±0.03 

a  Her 

M5 

-3.58 

-3.54 

-3.57 

Ib-ll 

±0  05 

±0.03 

±003 

a  Sco 

Ml  1 

-3.87 

-3.98 

±0.05 

±0.02 

II 


TABLE  6 


3.5-^m  Photometry  of  Stable  Stars 
(Class  V-lll) 


Star 

Spectral 

Type 

Johnson 

et  al. 

(10] 

Persi 

et  al. 
[15] 

SInton 
et  al. 
[17] 

Engels 
et  al. 

(7] 

Thomas 
et  at. 

[8] 

Gerhz 

et  al. 
(12-14] 

Low  and 

RIeke 

[16] 

a  Boo 

K2  III 

-3.15 

-3.12 

-3.10 

-3.13 

-3.14 

±0.02 

±0.02 

±0  02 

±0.02 

±0.05 

a  Tau 

K5  III 

-3.00 

-3.03 

-2.97 

-2.98 

-2,23 

-3.00 

±0.02 

±0.05 

±0.02 

±0.03 

±0.02 

±0.05 

a  Aur 

G8  III 

-1 .88 

-1.89 

-1.91 

-1.96 

-1.86 

±0  03 

±0  05 

±0.02 

±0.02 

±0.05 

P  Cem 

KO  III 

-1  18 

-1.18 

-1.20 

±002 

±0.05 

±0.02 

a  Ari 

K2III 

-075 

-0.78 

-0.75 

±0.02 

±0.04 

±0.05 

a  Hya 

K4  III 

-1  30 

-1.40 

-1.35 

-1.36 

±0.05 

±0.03 

±0.02 

±0.05 

y  Aql 

K3  II 

-078 

-0  74 

-0.80 

±0.05 

±0.03 

±0.05 

a  CMa 

A1  V 

-1.30 

-1.43 

-1.44 

-1.43 

±0,05 

±0.03 

±0.02 

±0.02 

oCMi 

F5  IV 

-0.70 

-0.76 

-0.73 

-0.67 

±0-03 

±0.03 

±0.03 

±0.05 

a  Lyr 

AO  V 

-0  04 

-0.03 

a  Cen  A 

G2  V 

-1.62 

-1.55 

1 

±0.05 

±0.02 

a  Cen  B 

K1  V 

-0.72 

-0,64 

±0.05 

±0  02 

a  UMa 

KO  II 

p  And 

MO  III 

oe 

-2.01 

-2  10 

±0.02 

±0.03 

±0.05 

a  Cet 

M2  III 

-1  86 

-1.84 

±0,04 

:'0.03 

Y  And 

K3  II 

-089 

±0.02 

H  UMa 


MO  III 


-1 .04 
±0  02 


-0.95 

±0.03 


TABLE  7 


3.5>Mm  Photometry  of  Mildly  Variable  Stars 
(Class  lil-ll) 


Star 

Spectral 

Type 

Johnson 

et  al. 

[10] 

Persi 

et  al. 
[15] 

Sinton 
et  al. 
[17] 

Engels 
et  al. 

m 

Thomas 

et  al. 

[8] 

Gerhz 

el  al. 
[12-14] 

Low  and 
Rieke 
[16] 

yDra 

K5  III 

-1.51 

-1.41 

-1.50 

±0.02 

±0.02 

±0.05 

P  Gru 

M3  II 

-3.41 

±0.02 

P  Peg 

M2. 5 

-2.31 

-2  42 

-3.41 

li-lll 

±0.08 

±0.02 

±0.05 

yCfu 

M3  II 

-3.31 

-3.34 

±0.03 

±0.02 

p  Per 

M4 

-2.18 

-2.12 

ll-lll 

±0.05 

±003 

11  Gem 

M3  III 

-2.04 

±0.03 

?Cen 

M4  III 

-1.85 

-1.86 

±0.05 

±0.02 

ri  Gem 

M3  III 

-1.63 

±0.03 

a  Car 

FO  1 

-1.43 

-1.41 

±0.03 

±0.02 

d  Vir 

M3  III 

-1.45 

-1.38 

-1 .37 

20.03 

±0.03 

±0.03 

X  Vel 

K5 

-1.80 

-1.76 

l-ll 

±0.03 

±0  02 

a  Lib 

M4  III 

-1  60 

-1.62 

±0.02 

±0.02 

32  Gru 

M3  III 

-1.07 

±0.02 

TABLE  8 


3.5-)im  Photometry  of  Stars  with  Circumstellar  Dust 

(Class  I) 


Star 

Spectral 

Type 

Johnson 

et  al. 

[10] 

SInton 

et  ai. 

117] 

Thomas 

etal. 

(8] 

Gerhz 

et  al. 
[12-14] 

a  Ori 

M2  1 

-4.45 

-^.46 

-4.47 

±0.02 

±0.02 

±0.03 

M  Cep 

M2  1 

-2.06 

-2.31 

-2.20 

±0.02 

±0.02 

±0.08 

a  Sco 

Ml  1 

-4.23 

-4.23 

-4.17 

±0.02 

±0.02 

±0.03 

a  Her 

M5 

-3.74 

-3.76 

-3.68 

Ib-ll 

±0.02 

±0.03 

±0  03 

TABLE  9 


4.8-|jm  Photometry 
(Class  V-l) 


Star 

B 

Engels 
et  al. 

m 

Thomas 

et  al. 

[8] 

SInton 
et  al. 

[17] 

Gehrz 

et  al. 
[12-14] 

a  CMa 

Al  V 

-1.42 

MM 

-1.40 

-1  40 

±0  03 

±0.02 

±0.02 

aCMi 

F5  IV 

-0  77 

-0.65 

±0  0? 

±0.05 

a  Car 

FO  1 

-1  43 

-1.44 

±0.03 

±0.03 

a  Cen  A 

G2  V 

-1.50 

-1.53 

±0.05 

±0.03 

a  Cen  B 

K1  V 

-0.60 

-0.60 

±0.05 

±0.03 

a  Lyr 

AO  V 

-0.02 

-0.03 

±0  02 

±0.02 

Region  of  fundamental  CO  absorption  m  cool  stars. 

For  stars  having  no  significant  CO  absorptions  only. 
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TABLE  10 


4.8-pm  Photometry  for  Stable  Stars  with  CO  Absorptions 

(Ciass  V-lil) 


Star 

Spectral 

Type 

Engels 

et  al. 

m 

Thomas 

et  al. 

[81 

SInton 

et  al. 

[17] 

Gerhz  and 

Woolf 

[12] 

Gillet 

et  al. 

[18] 

a  Boo 

K2  III 

-2.96 

-2.94 

-3.01 

-2.98 

±0.02 

±0.02 

±0.03 

±0.05 

a  Tau 

K5  ill 

-2  75 

-2.74 

-2.68 

-2  67 

-2.65 

±0.03 

±0.04 

±0.02 

±0.03 

±0.05 

a  Aur 

G8  III 

-1.82 

-1.73 

±0.02 

±0.03 

(J  Gem 

KO  III 

-1.11 

-1.15 

-110 

±0.02 

±0.03 

±0.05 

a  Ari 

K2  III 

-0.52 

±0.05 

a  Hya 

K4  III 

-1  24 

-113 

10  03 

±0  03 

■f  Aql 

K3  II 

—0.70 

±0,03 

P  And 

MO  III 

-1.78 

-1.61 

±0  02 

±0.03 

a  Get 

M2  III 

-1.58 

-1.42 

±0  03 

±0.05 

q  UMa 

MO  III 

-0.66 

-0.65 

±0  02 

±0.03 

TABLE  11 


4.8-Mni  Photometry  for  Variable  Stars 
(Class  lll-ll) 


star 

B| 

Engels 

et  al. 

m 

Thomas 

et  al. 

(81 

Sinton 

et  al. 
(17] 

Gerhz  and 

Woolf 

(121 

Gillet 

et  al. 

(181 

7  Dra 

K5  III 

-1.19 

±0.03 

P  Gru 

M3  II 

-3.10 

±0.03 

p  Peg 

M2. 5 

-2.21 

-2.06 

-2  02 

II-  III 

±0.02 

±0.06 

±0.05 

7  Cru 

M3  II 

-3.12 

-3.08 

±0.03 

±0.03 

p  Per 

M4 

-1.83 

ll-lll 

±0.05 

p  Gem 

M3  III 

2  Cen 

M4  III 

g  Gem 

M3  111 

-1.1C 

-1.27 

±0.03 

±0,05 

a  Car 

FO  1 

'()  Vk 

M3  III 

-1.12 

-1.27 

±003 

±0.03 

X  Vel 

K5 

-1.49 

-1.42 

III 

±0.03 

±0.03 

1 

o  Lib 

M4  III 

-1.41 

±0.03  j 

r)2  Gru 

M3  III 

-0  77 

±0  03 

u, 


TABLE  12 


11 -pm  Photometry  of  Stable  Stars 
(Class  V-lil) 


Spectral 

Type 


IRAS  12  m 
Pointed 

IRAS  12  m 
Survey 

Tokunaga 
10.1  M 

119] 

Thomas 

et  al. 

10  to  11  M 
[8] 

Gerhz 

et  al. 
(12-14] 

Low  and 

RIeke 

(16] 

-3.15 

-3.22 

-3  13 

-3.21 

-3.17 

-3.10 

±0  02 

±0.05 

±0.02 

±0.06 

±0.05 

±0.08 

-3.00 

-3  08 

2.99 

-2.97 

-2.95 

-304 

±0.02 

±0.05 

±0.02 

±0.08 

±0.05 

±0.08 

-1.91 

-1.90 

-1.90 

-1.92 

-1 .93 

±0.02 

±0.02 

±0.02 

±0.06 

±0  08 

-1.20 

-1.21 

-1.20 

-1.18 

±0.02 

±0.05 

±0.02 

±0.05 

-0  70 

-0.70 

-0  83 

lO  10 

±0.08 

±0.08 

-1  47 

-1.41 

-1.35 

lO  05 

±0.04 

±0.08 

-0  68 

-0  74 

±005 

i0  02 

-1.36 

-1.36 

-1.38 

-1,45 

-1.43 

±0  02 

±0.02 

±002 

±0.06 

±0.07 

-0.74 

-0.72 

-0.72 

-0.78 

±0.02 

±0.05 

±0.02 

±0.08 

0  02 

-0.02 

0.04 

0.05 

±0.02 

±0.05 

±0.02 

±0.05 

-1.45 

-1.68 

±0.02 

±0.05 

-0.55 

-6)  77 

±0.02 

±0.05 

-0.81 

-0.83 

±0.05 

±0.05 

-2.12 

-2.00 

-2.01 

-2  13 

±0  10 

±0.02 

±0.05 

±0.08 

-1.90 

-1.83 

-1.89 

±0.02 

±0.04 

±0.08 

-0  98 

-0.99 

-0.99 

±0.05 

±0.04 

±0.05 

17 


TABLE  13 


11 -pm  Photometry  for  Variable  Stars 
(Class  lll-ii) 


Star 

Spectral 

Type 

IRAS  12  p 
Pointed 

IRAS  12  p 
Survey 

Tokunaga 
10.1  [1 

I19J 

Thomas 

et  al. 

10  to  11  M 
[8] 

Cerhz 
et  al. 
112-14] 

Low  and 

Rieke 

(161 

Y  Dta 

■f 

-1.43 

-1 .45 

-1.42 

-1 .41 

mi 

±0.02 

±0.02 

±0.06 

±0.08 

P  Cru 

-3  42 

-3  41 

-3.54 

HU 

±0.02 

±0.05 

±0.05 

p  Peg 

-2.44 

-2.41 

-2  49 

ii-iii 

±0.05 

(-2  50) 

±0.05 

:0.02 

Y  Cru 

M3  II 

-3  31 

-3  51 

±0.05 

±0.05 

p  Per 

M4 

-2.20 

-2,15 

II  III 

±0.05 

±0  08 

M  Gem 

M3  III 

-2  1R 

-2  06 

±0,10 

±0.08 

2  Cen 

M4  III 

-1.99 

-2  01 

±0  10 

±0.05 

T]  Gem 

M3  III 

-1.67 

-1.68 

±0  02 

±0  08 

a  Car 

FO  1 

-1  40 

-1  45 

-1.61 

r0.02 

±0.05 

±0  06 

c)  Vir 

M3  III 

-1  50 

-1.42 

-1.55 

±0  05 

±0.08 

±0.08 

X  Vel 

K5 

1  II 

o  Lib 

M4  III 

-1  73 

-1.75 

±0.05 

±0.05 

32  Gru 

M3  III 

-1  08 

±0.02 

.lijunaitiiai  ■■iiiinm'.!i  ii  Mai' 


TABLE  14 


11 -pm  Photometry  of  Stars  with  Circumstellar  Dust 
(Class  I) 


TABLE  15 


22-^ivn  Photometry  of  Stable  Stars 
(Class  V-ll) 


Star 

Spactrsl 

Type 

IRAS  25  m 
Pointed 

IRAS  25  m 
Survey 

Tokunaga 

20  M 

119) 

Morrison 

et  al. 
(20.21) 

Gerhz 

et  al. 
(12-14J 

Low  and 

RIeke 

(16) 

a  Boo 

K2III 

-3  10 

-3  06 

-3.09 

-3.15 

-3.11 

-3.20 

10  025 

10.03 

±0,025 

±0.05 

±0.08 

±0.08 

O  IrtU 

K6III 

-2  97 

-2  99 

-3.05 

-2  06 

1 

b 

-3.02 

±0  025 

10  03 

±0.02.5 

±0.05 

±0.08 

±0.08 

o  Auf 

Gem 

-1.91 

-1 .91 

-1  89 

-1.88 

-1.83 

lO  025 

±003 

±0  025 

10.05 

±0.08 

H  Cent 

KOIII 

-1,18 

-1  16 

-1.17 

-1,13 

-115 

±0  025 

10.03 

±0.025 

±0.05 

±0.09 

(1  Art 

K2  III 

-0  79 

-0.75 

±0  03 

±0.08 

(i  Hya 

K4  III 

-1  S'l 

10  03 

yAql 

K3  II 

-0  76 

-0  76 

±0.03 

±0.025 

(/  C  Md 

A1  V 

-1  ,:<2 

-1,35 

-1.32 

-1,32 

lO  025 

±003 

±0.025 

±0.05 

(/  CMi 

FOIV 

-0  72 

>0,69 

-0.69 

±0.025 

±0  03 

10,025 

a  Lyf 

AO  V 

-0  18 

-0  13 

-0.14 

±0.025 

10  03 

±0.05 

(s  C.cn  A 

G2  V 

-'41 

10  03 

(/  Ctn  B 

K1  V 

-0  51 

1,003 

(1  UMa 

KO  III 

-078 

i0,03 

[)  And 

MO  I'l 

-2.05 

-2.09 

-2,02 

-2,13 

±0.0, ?5 

±0.05 

±0.08 

±0  08 

(/  Ccl 

M2  ill 

-1  89 

±0,03 

K3  II 

MO  III 

-1  03 

-104 

-0  92 

HHi 

10  03 

±0  03 

±0  08 

2n 


TABLE  16 


22-Mm  Photometry  of  Variable  Stars 
(Class  lil-li) 


Star 

IRAS  25  M 

Pointed 

IRAS  25  p 
Survey 

Morrison 

et  Bl. 
[20,21] 

Gerhz 

et  al. 
[12-14] 

Low  and 

Rieke 

[16] 

yDra 

K5  III 

-1.47 

-1.47 

-1.42 

±0025 

±0.03 

±0.08 

p  Cru 

M3  II 

-3  45 

-3  47 

±0025 

0.03 

pPeg 

M2. 5 

-2  50 

-2.56 

-2.71 

ll-lll 

±0  03 

±0.025 

±0.07 

7  Cru 

M3  II 

-3.39 

±0.03 

p  Per 

M4 

-2.27 

ll-lll 

±0.03 

p  Gem 

M3  III 

-2  19 

±0.03 

2Cen 

M4  III 

-1.94 

1 

±0.03 

ri  Cerr 

M3  III 

-1.71 

±0.03 

a  Car 

FO  1 

-1  38 

-1.41 

±0.025 

i0.03 

cl  Vir 

M3  III 

-1.54 

±0.03 

X  Vel 

K5 

III 

0  Lib 

M4  III 

-1.61 

±0.03 

62  Crg 

M3  Ml 

-1.14 

±003 
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TABLE  17 


22-^m  Photometry  of  Stars  with  CIrcumstellar  Oust 
(Class  I) 


Star 

Spectral 

Type 

IRAS  25  M 
Survey 

Tokunaga 

(191 

Morrison 

at  al. 
(20.21) 

a  Ori 

M2  1 

-5.63 

-5.57 

±003 

±0.05 

H  Cep 

M2  1 

-4  49 

-4.59 

±0.03 

±003 

±0.05 

M65) 

a  Sco 

M1  1 

-4.62 

-4.70 

±003 

±005 

(-4.63) 

a  Her 

M5  1 

-4  11 

-4  13 

-4.09 

±0.03 

±0  04 

i005 

TABLE  16 


60-Mm  Photomelry  of  Stable  Stare 
(Claee  V-ll) 


Star 

Spectral 

Type 

IRAS  60  M 
Pointed 

IRAS  60  iJ 
Survey 

o  Boo 

K2  III 

-3.11 

-3,02 

±003 

±0.15 

u  Tau 

K5  III 

-2.95 

-3.02 

±0.03 

±0.10 

cj  Aur 

Ge  III 

-1,86 

-1,85 

±0  10 

(1  Gem 

KO  III 

-1.17 

-1,22 

±0  03 

±0.10 

<1  An 

K2  III 

-077 

±0  10 

<1  Hya 

K4  III 

-1.34 

±0  10 

yAql 

K3  II 

-0  66 

10  10 

(/  CMa 

Al  V 

-1.27 

-1.23 

±0.03 

±0  10 

u  CMi 

F5  IV 

-0.70 

-0  72 

lO  03 

±0  10 

<1  Lyr 

AO  V 

-1.95 

-1,94 

±0.03 

±0  10 

II  Cen 

G2  V  4  K1  V 

-1  62 

A  4  B 

±0  10 

(/  UMa 

KO  III 

Y  And 

MO  III 

-2.07 

±0.15 

11  Cel 

M2  III 

-247 

Y  And 

M  UMa 

Kj  II 

MO  III 

±0.10 

-0.97 

±0  10 

Y  And 
M  UMa 


Kj  II 
MO  III 


-0.97 
lO  10 


TABLE  19 


60-)jm  Photometry  of  Variable  Stars 
(Class  lll-ll) 


Star 

Spectral 

Type 

IRAS  60  n 
Pointed 

IRAS  60  (i 
Survey 

■yDra 

K5  III 

-1.48 

-1.42 

±0  03 

±0.10 

P  Cru 

M3  II 

-3  50 

-5.52 

±0.04 

±0.15 

P  Peg 

M25 

-2.47 

ll-lll 

±0.10 

yCru 

M3  II 

-3.38 

±0.18 

p  Per 

M4 

-2.33 

ll-lll 

±0.10 

|i  Gem 

M3  III 

-2.10 

±0.10 

2  Cen 

M4  III 

! 

-2.02 

1 

I 

I 

±0.10 

T|  Gem 

M3  ill 

-1.70 

±0.15 

(j  Car 

FOI 

-1.33 

±0.04 

a  Vir 

M3  III 

-1.42 

1 

±0.15 

).  Vel 

K5 

l-ll 

0  Lib 

M4  III 

-1.73 

±0.08 

d2  Gru 

M3  Ml 

-1.17 

±006 
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2.4  RELATIVE  FLUX  LEVELS 


For  each  waveband  with  available  photomeir>.  the  weighted  average  of  all  the  magnitude  esti¬ 
mates  for  each  star  was  taken.  The  difference  of  the  re.sulting  average  magnitude  from  that  of  a  Boo  was 
then  used  to  calculate  each  star's  relative  flux  in  units  of  a  Boo. 

If  the  absolute  flux  of  any  of  the  nonvanable  stars  listed  in  Tables  20  through  22  could  be 
determined  experimentally  at  one  of  these  w  avelengths,  the  table  of  relative  values  could  then  be  used  to 
determine  the  flux  of  the  other  stars  at  this  same  wavelength  (within  the  limits  set  by  the  uncertainties  in 
the  original  detemiination  and  in  the  transfer  ratios). 


TABLE  20 


Relative  Flux  Values  for  A-  to  K-Type  Stars 
(a  BOO  =  1) 


TABLE  21 


Relative  Flux  Values  for  M-Type  Stars 
(a  Boo  s  1) 


Star 

w 

11  M 
(1%) 

22  m 
(±%) 

■1 

P  And 

0.34611.5 

0.371  11.5 

0.36512 

0.385  ±2 

0.386110 

a  Cet 

0.296  +2.5 

0.308  +2.5 

0.31312 

0  332  ±2.5 

0.31818 

M  Uma 

0.136  ±2 

0.142  11.5 

0.137  13 

0  149  ±2 

0.140  ±8 

pPeg 

0.48611.5 

0.51812 

0.528  12 

0.595  ±2 

0.558  ±8 

P  Gru 

1 .22  ±2 

1 .30  ±2 

1 .30  ±2 

1 .40  ±2 

1.44  ±3 

a  Car 

0.21611.5 

0.207  12 

0.20611.5 

0.208  ±2 

0.195  ±3 

yCru 

1.11  ±2 

1.21  l2 

1.27  13.5 

1.31  ±3 

1.29115 

M  Gem 

0.363  +2 

0.368  +3 

0.383  i6 

0.430  ±2.5 

0.397  ±8 

Ti  Gem 

0.211  15 

0  252  13 

0.256  ±2 

0.279  ±3 

0.275110 

p  Per 

0.374  i2 

0.402  12.5 

0  41214 

0.474  +2.5 

0.491  Id 

avir 

0.196+1.5 

0.204  12 

0.21814 

0.239  ±3 

0.212110 

2  Cen 

0.291  11.5 

0.31011.5 

0.349  +4 

0.345  l3 

0.369  ±8 

a  Lib 

0.232  ±2 

0.248  12 

0.273  13 

0.254  ±3 

0.281  +8 

TABLE  22 

Relative  Fli  x  Values  in  the  Vicinity  of  CO  Bands  for 
Stars  with  No  Expected  Absorption 
(a  Lyrs  1) 


Star  1.6  m  4.8  m 

(±  %)  (±  %) 


1.00  ±2  1.00  ±2 

3.70+1.5  3.54  ±1.5 

1.84  12  1.9212 


a  Car  3  40  ±2  3.6511.5 

a  Cen  A  3.87  ±2  3.98  ±2 

aCenB  1.67  ±2  1.69+2 
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2.5  DETERMINATIONS  OF  ABSOLUTE  FLUX 


The  following  absolute  flux  measurements  (Tables  23  through  27)  for  10  to  20  pm  and  1  to  5  pm 
were  reviewed  in  Rieke  et  al.  14]  and  Campins  et  al.  (3),  respectively.  They  constitute  only  those  determi¬ 
nations  classified  by  Rieke  as  direct  calibrations.  The  uncertainties  estimated  by  the  experimenters  arc 
here  assumed  to  be  at  the  l  -o  level  whether  or  not  this  has  been  explicitly  stated. 

Only  direct  calibrations  arc  included  because  these  are  the  more  fundamental  flux  determinations 
based  on  measurement  rather  than  theory .  It  is  the  intention  of  this  repon  to  introduce  theory  only  at  a 
later  stage  so  that  it  can  be  clearly  seen  how  well  independent  measurements  and  theoretical  expectations 
agree.  Two  categories  of  direct  calibration  arc  mentioned  in  Rieke  et  al.  (4]  and  Campins  et  al.  (3); 
blackbody  companson  and  solar  analog. 

2.5.1  Absolute  Calibration  by  Blackbody  Comparison 

Flux  measurerncnis  of  a  Lyr  at  1.24.  2.20.  and  3.76  pm  [23].  shown  in  Table  23.  were  calibrated 
by  direct  companson  to  a  telescope-mounted  standard  blackbody  observed  in  a  narrow  atmosphenc 
window  (a  window  in  which  total  atmosphenc  extinction  to  infinity  was  estimated  to  be  only  a  few 
percent). 


TABLE  23 

Alpha  Lyrae  (Vega) 
Blackbody  Comparisons 


Wavelength 

(pm) 

Flux 

(Wem'^p'"') 

Uncertainty 

(%) 

1,24 

30.6  X  lo  ’'* 

3 

2.20 

4.19  X  10  '"' 

3 

3  76 

5.44  X  10  ’^ 

3 

Calibrations  of  P  Gem  at  10.6  and  21  pm  and  of  a  Tau  and  a  Aur  at  1 1.34  pni  |4)  arc  shown  in 
Tables  24  and  2.5.  respectively.  These  calibrations  involve  comparing  a  blackbody  standard  to  the  planet 
Mars  and  then  Mars  to  the  star  with  a  separate  instrument,  thus  working  around  the  problem  of  dynamic 
range. 

In  the  case  of  the  a  Tau  and  a  Aur  measurements,  the  blackbody  standard  was  placed  on  a  nearby 
mountain  and  compared  with  the  planet  Mars  while  it  was  low  in  the  sky.  To  ntininiizc  problems  with 
corrections  for  the  differing  atmospheric  absorptions  along  the  line  of  sight  to  the  mountain,  to  Mars,  and 
to  the  star,  a  very  narrow  (O.K-pm)  passband  centered  at  11.34  pm  was  .selected.  Under  the  favorable 
atmospheric  conditions  encountered  at  the  observing  site,  it  was  estimated  that  the  total  atmospheric 
ab.sorjjtion  in  this  band  amounted  to  only  .  The  narrow  band  also  minimized  problems  caused  by  the 
very  different  .spectra  crniiicd  by  a  planet  and  by  a  star. 


TABLE  24 


Beta  Geminorum  (Pollux) 
Blackbody  Comparisons  by  Way  of  Mars 


Wavelength 

(Mm) 

Flux 

(Wem'^p*’) 

Uncertainty 

(%) 

10.6 

2.99  X  10 

3.3 

21 

1.95  X  10 

10 

TABLE  25 

Alpha  Aurigae  (Capeila) 
Blackbody  Comparison  by  Way  of  Mars 


Wavelength 

(urn) 

Flux 

(Wcm*''p’’) 

Uncertainty 

(%) 

11.34 

4.47  X  10  ’^ 

8 

In  the  case  of  the  (3  Gem.  the  Nimultaiicoiis  flux  measurement  of  Mais  was  perfomied  ai  close 
range  by  apparatus  on  board  the  Viking  orbitcr.  which  in  turn  had  been  calibrated  before  launch  by 
comparing  two  blackbodies  of  differing  temperatures  in  a  vacuum  chamber  on  Earth.  During  this  proce¬ 
dure  the  tcmpcrai  ire  of  one  blackbody  was  varied  from  140  to  ."^.^O  K.  while  the  other  was  held  at  liquid 
nitrogen  temperature.  The  calibrated  radiometry  then  provided  temperature  estimates  that  agreed  with 
those  ol  a  thermister  to  ±0.5  K  (Chase  et  al.  124J)  Rieke's  observations  took  place  at  a  time  when,  as 
viewed  from  Eanh.  Mars  was  within  5^'  of  the  star  being  calibrated,  thus  minimizing  errors  in  atmos¬ 
pheric  correction  when  comparing  them. 

2,5.2  ('alibratiun  by  Solar  Analog  Method 

Solar  analog  calibrations  of  the  photometry  at  2.22  and  .'^.54  gun  1 10)  and  of  new  photometry  at  1 .6 
and  4.8  pm.  shown  in  Tables  20  and  27.  respectively,  were  taken  from  Campins  et  al.  13).  A  solar  analog 
calibration  of  the  photometry  at  10.6  gun  1 16)  was  taken  from  Rickc  et  al.  [4). 


The  solar  analog  method  of  direct  calibration  utilizes  relative  photometry  including  stars  of  solar 
type,  which  on  average  can  be  extrapolated  from  their  known  visible  flux  along  a  spectral  curve  with  the 
same  shape  as  that  of  the  sun.  This  curve  has  been  well  determined  using  direct  measurements  of  the  sun 
again.st  terrestrial  blackbody  standards;  thus,  ultimately  solar  analog  calibration  is  again  a  comparison 
with  blackbody  standards,  only  now  using  a  more  indirect  route. 

While  It  is  clear  that  all  solar-type  stars  have  almost  the  same  flux  ratios  between  the  visible  and 
infrared,  there  is  a  residual  29f  scatter  that  appears  to  be  intrinsic  to  the  stars  rather  than  due  to 
observational  enor  |3).  It  is  not  clear  where  in  this  range  the  sun  falls  (it  may  not  be  an  average  solar 
•ype  star),  and  this  uncertainty  in  the  above  method  has  been  added  to  the  error  estimates  given, 

TABLE  26 

Alpha  Boo  Flux  Constants  by  Which  to  Scale 
Relative  Fluxes  in  Tables  20  and  21 

Solar  .iknalog  Method 


Wavelength 

Flux 

Uncertainty 

(pm) 

(Wem'^p'’) 

(%) 

2.22 

6.33  X  10  ’^ 

3 

3.54 

1.18  X  10 

3.3 

10  6 

1.84  X  10 

7 

TABLE  27 

Alpha  Lyr  Flux  Constants  by  Wh'C'i  to  Scale 
Relative  Fluxes  in  Ta'jle  22 

Solar  Analog  Method 


Wavelength  | 

Flux 

Uncertainty 

(m'1'0  ! 

(Wun'^p'*) 

(%) 

3.  THEORETICAL  SPECTRAL  ENERGY  DISTRIBUTION 


3.1  ANALYTIC  EXPRESSIONS  FOR  STELLAR  SPECTRA 

If  one  is  to  work  with  many  stellar  spectra  in  both  the  fitting  and  band  irvtegration  processes,  it 
would  be  preferable  to  have  these  spectra  in  the  form  of  easily  written  and  manipulated  mathematical 
functions  rather  than  long  arrays  of  discrete  values  or  complicated  computer  subroutines. 

The  IRAS  low-resolution  spectrometer  (LRS)  stellar  spectra  shows  that  the  stars  on  Rieke’s  pri¬ 
mary  and  secondary  lists  resemble  Planck  functions.  The  formulas  developed  in  this  section  are.  there¬ 
fore,  based  on  a  modification  to  the  Planck  function  involving  an  apparent  brightness  temperature  that  is 
a  function  of  wavelength.  There  are  physical  reasons  why  this  is  a  natural  form  in  which  to  express  a 
stellar  spectrum. 

3.1.1  Wavelength  Dependence  of  Brightness 

The  effective  temperature  of  a  star  defined  as  the  temperature  required  for  a  blackhody  with 

equivalent  surface  area  to  emit  the  same  total  power  as  the  star  inteftrated  over  all  wavelengths. 


L' =  4Tt  R’*  oTl  . 

fft 

It  is  sometimes  assumed  that  a  star  spectrum  can  be  taken  as  that  of  a  blackbody  having  the  star's 
effective  temperature.  This  is  not  true  for  all  stars  (for  the  sun.  deviations  from  a  blackbody  shape  of 
about  259f  are  encountered  over  the  wavelength  interval  from  2  to  30  |am).  In  general,  a  star's  brightness 
temperature  (the  temperature  of  a  blackbody  with  the  same  irradiance  at  a  specific  wavelength)  is  not 
independent  of  wavelength. 

Radiation  from  a  star  originates  some  distance  down  into  the  stellar  atmosphere.  In  the  case  of 
stars  with  solar  temperature  or  less,  the  infrared  opacity  in  the  atmosphere  is  proportional  to  This 
implies  that  at  short  infrared  wavelengths  radiation  can  travel  a  comparatively  long  distance  through  the 
.stellar  atmosphere,  allowing  radiation  reaching  an  observer  to  escape  from  a  deeper,  hotter  layer  of  the 
star.  As  the  observing  wavelength  gets  longer,  the  radiation  reaching  the  observer  comes  predominantly 
from  outer  cooler  layers  of  the  stellar  atmosphere  (Figure  1).  Because  of  this,  a  star  like  the  sun,  which 
has  a  6000-K  brightness  temperature  near  2  pm.  is  observed  to  drop  to  only  a  4500-K  brightness 
temperature  in  the  20-|im  region.  Thus,  the  spectral  curve  has  to  drop  more  steeply  with  increasing 
wavelength  than  a  6()00-K  blackbody  curve. 

3.2  SOLAR  SPPX'TRUM 

Before  attempting  a  general  formula  to  fit  the  sp>ectra  of  the  standard  stars,  it  is  useful  to  examine 
the  sun's  infrared  spectrum  as  a  prototype.  Because  it  is  close,  the  sun  provides  a  unique  source  of  mcas- 
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149C*  ^  t 


Fit; lire  I  Crass  seciiari  nf  stellar  atmosphere 


urements  on  a  star  at  ver>  high  spatial  and  spectral  resolution  over  a  very  wide  range  of  energies. 
Information  gathered  from  semiempirical  analyses  of  such  solar  data  has.  in  the  past,  been  a  major  guide 
in  extending  and  correcting  theory  .  As  a  result,  it  can  be  assumed  that  the  sun  has  the  most  thoroughly 
understood  stellar  spectrum. 

As  far  as  theory  and  computation  arc  concerned,  the  infrared  is  the  simplest  part  of  the  solar 
spectrum.  The  radiation  is  continuous  and  originates  in  regions  of  local  thermodynamic  equilibrium 
(LTE).  The  source  of  opacity  H ^  is  known,  and  us  functional  behavior  is  easy  to  represent. 

If  the  distribution  of  temperature,  pressure,  etc.,  in  the  solar  atmosphere  were  known,  it  would  be  a 
simple  matter  to  calculate  the  infrared  radiation  emitted  by  each  layer:  merely  use  the  Planck  function  as 
a  consequence  of  LTE.  figure  out  how  much  is  absorbed  in  the  process  of  traversing  the  atmosphere,  and 
then  sum  the  contnbutions  from  all  layers  to  obtain  the  infrared  .spectrum. 

If.  as  IS  in  fact  the  case,  the  exact  structure  of  the  atmosphere  is  not  known  in  advance,  measure 
ments  of  the  actual  sjxrcirum  can  be  used  to  deduce  one  that  is  plausible.  This  semiempincal  method  in 
the  case  of  the  sun  uses  all  data  ranging  from  ultraviolet  to  extreme  infrared  to  constrain  models  of 
atmospheric  structure. 

One  commonly  used  representation  of  the  solar  spectrum  is  that  calculated  from  the  semiempirical 
model  M  1 1  ].  The  brightness  temperature  predictions  of  model  M.  along  with  the  available  measurements 
over  the  subject  wavelength  range,  are  plotted  in  Figure  11  of  Vemazza  ct  al.l'),  reproduced  here  as 
Figure  2. 
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Figure  2.  Vernazza  et  al.  combined  plot  of  the  observed  brightness  temperatures  """  and  in  the  range  22) 
500  pjt:.  The  solid  cun  e  and  the  short  dashed  cun-e  represent  and  respectively,  calculatedfrom  mode! 

M.  The  short  dashed  cun  e  is  used  to  obtain  flux  estimates  and  has  been  approximated  by  the  equation  ik)  - 
4260(  I  +  !3.77lkf  .  The  long  dashed  cun-e  represents  Tf"’"  calculatedfrom  an  older  semiempiricai  model  solar 

atmosphere  (the  HSRA  model). 
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Trial  and  error  and  some  least  square  fitting  were  used  to  arrive  at  an  analytic  approximation  to  the 
brightness  temperature  predictions  of  model  M; 


This  expression  gives  results  consistent  to  within  0.25*^  with  those  of  model  M  between  2  and  25  |im, 
and  to  within  O.S'/t  out  to  100  pm. 

Combined  uncertainties  in  measured  r  iar  flux  as  estimated  in  Mankin  [25]  are  listed  in  Table  28 
for  several  wavelengths. 


TABLE  28 

Uncertainty  In  Determination  of  Solar  Spectrum  Beyond  10  pm 


- 1 

10  pm  1 

15  pm 

20  pm 

30  pm 

50  pm 

75  pm 

100  pm 

±2% 

mm 

±4% 

±5% 

±5.5% 

±5.5% 

±5.5% 

3.3  H  FREE-FREE  ABSORPTION 

The  source  of  infrared  opacity  beyond  1.6  pm  in  the  solar  atmosphere  (and  for  stars  moderately 
cooler  than  the  sun)  is  described  as  "almost  exclusively  free-free  transitions  of  negative  hydrogen  ions, 
and  to  a  lesser  extent  negative  helium  ions.  In  such  transitions  a  free  electron  accelerated  in  the  field  of  a 
neutral  hydrogen  or  helium  atom  absorbs  or  emits  radiation.  The  free-free  absorption  coefficient  of 
negative  hydrogen  has  been  computed  by  numerous  authors  .  .  .  and  is  found  to  be  proponional  to  the 
electron  pressure  and  to  the  square  of  the  wavelength  for  w-avelengths  greater  than  a  few  microns."  [25) 

llie  simple  nature  of  this  relation  and  the  wide  class  of  stars  for  which  it  is  the  main  source  of 
opacity  make  it  easy  to  produce  a  general  spectral  function  that  scales  in  a  simple  way  for  changes  in 
effective  temperature  between  about  3300  and  6(K)0  K. 

3.4  SCALING  OF  SOLAR  SPECTRUM  TO  OTHER  7  „ 

fti 

3.4.1  Temperature-Opacity  Relations  in  Stellar  Atmospheres 

In  simple  models  of  stellar  atmospheres  it  is  found  that  the  temperature  distribution,  when  written 
in  terms  of  the  mean  optical  depth  x  (rather  than  phy  sical  depth)  into  a  star's  atmosphere,  has  the  same 
functional  form  regardless  of  stellar  type: 
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More  detailed  theoretical  treatments  apparently  bear  this  out  for  wide  classes  of  stars  having  the  same 
dominant  opacity  mechanisms,  and  this  provides  a  way  to  transfer  some  of  what  is  known  about  the  sun 
to  other  stars.  On  this  subject.  Carbon  and  Gingerich  [6]  write: 

“A  common  technique  ...  for  producing  the  temperature  distributions  of  intermediate 
spectral-type  stars  consists  of  scaling  an  empirical  solar  7(1)  relation  by  the  ratio  7^^^(star)  / 

7^^^  (.solar) 

“Some  estimate  of  the  validity  of  this  approach  can  be  obtained  by  use  of  the  models  in  the 
grid.  ...  we  compare  the  temperature  distributions  detennined  by  directly  calculating  blan¬ 
keted  models  and  by  scaling  a  (6000,4)  model  in  this  manner.  The  scaling  relation  fails  in 
going  to  higher  values  of  7^^^  bccau.se  of  the  shift  from  H  to  H  as  the  dominant  continuous 
opacity  and  the  increased  importance  of  the  hydrogen  line  blocking.  Scaling  to  cooler 
temperatures  involves  appreciably  less  error  since  H'  remains  the  principal  opacity  source. 

The.sc  results  suggest  that  a  solar  model  scaled  to  4000  K  effective  temperature  will  differ 
comparative!)  little  from  the  explicitly  calculated  grid  models.  Hence,  the  scaling  technique, 
which  has  commonly  been  used  w  ithout  thorough  examination,  has  been  validated  .  .  .  ."[26] 

3.4.2  Derivation  of  Spectrum  from  Temperature  Distribution 

Computing  a  stellar  spectrum  starting  from  a  given  T(t)  requires  writing  the  temperature  distribu¬ 
tion  as  7(rt.  a  function  of  the  monochromatic  optical  depth,  and  then  integrating  the  contributions  of  the 
thermal  emission  that  reach  an  obsen  er  from  each  level  of  the  atmosphere  at  any  given  wavelength. 


<;)(X)=11910i2jJ 


A’ 


— T‘''v 


14.'^88 


-I 


In  order  to  convert  T.  to  i,  one  must  first  find  di.Jdx  =  k./k,  the  ratio  of  the  coefficient  of  mono¬ 
chromatic  absorption  to  the  Rosseland  mean  absorption  coefficient.  In  general,  this  could  be  very  com¬ 
plicated;  however  as  mentioned  previously,  for  stars  with  temperatures  equal  to  or  cooler  than  the  sun. 
and  for  wavelengths  longer  than  about  1 .6  pm,  the  dominant  .source  of  opacity  is  free-free  absorption  by 
the  H  ion,  and  th'  has  a  coefficient  of  absorption  with  a  smooth  and  s'  ,ipie  wavelength  dependence 
There  are  a  j  temperature  and  pressure  dependences  to  both  the  mt  an  and  the  monochromatic  ab- 
sorption  coefficients.  Nevertheless,  when  the  ratio  is  taken,  the  simple  relation  dx^ldx  -  is  found 

to  hold  to  a  very  good  degree  of  approximation  over  the  range  of  pressures,  temperatures,  and  wave¬ 
lengths  with  which  this  report  deals.  This  is  demonstrated  in  Figure  .s,  which  shows  a  plot  of  log  (k.,9.'k) 
versus  log(7),  for  points  calculated  using  a  variety  of  temperature  and  pressure  conditions  typical  of 
those  encountered  in  stars  of  solar  temperature  or  cooler.  The  conditions  are  taken  from  the  model  M 
solar  atmosphere,  and  the  model  a  Boo  atmosphere  of  Johnson  et  al.  |27].  The  Ro.s.selcnd  mean  absorp¬ 
tion  coefficients  for  the  model  M  and  the  H  free-free  absorption  coefficients  for  the  a  Boo  mode!  [27] 
were  calculated  from  the  formulas  and  tables  in  Allen  |28J. 


The  fact  that  points  (Figure  3)  generated  from  conditions  in  a  giant  star  and  in  a  dwarf  fall 
basically  on  the  same  line  is  an  encouraging  sign  that  differences  in  gravity  may  not  have  mucn  effect  on 
the  scaling  of  spectra  with  temperature;  however,  the  further  we  deviate  from  solar  conditions,  the  more 
suspect  the  scaling.  The  best  fit  line  to  the  data  in  Figure  3  has  a  slope  of  2.04. 

Thus,  we  can  approximate 


dx«^X^T'^dx=^a>?T^cff  f^{x)dx. 
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Fiv.itrc  3.  Lofiarithmic  pint  of  the  ratio  of  the  monochromatic  absorption  coefficient 
to  Rossciand  mean  absorption  coefficient  divided  by  A-  versus  the  temperature  at  the 
same  point  in  the  stellar  atmosphere.  The  circular  data  points  were  calculated  usinp 
atmospheric  parameters  taken  from  the  Vernazza  et  al.  model  .solar  atmosphere .  and 
the  Irian  pillar  points  were  calculated  u.sinp  the  model  atmosphere  of. John. son  et  al.  for 
the  star  a  Boo. 
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Using  this  expression,  stellar  spectrum  solutions  are  possible  for  all  (<  6000  K),  without 
actually  integrating  or  determining  the  explicit  forms  of  f(r)  and  F(t).  The  form  of  <I)(X,TJ  is  already 
known  for  the  special  case  of  =  5770  K:  it  is  the  solar  spectrum  Because  tne  intogran,. 

involved  depends  only  on  the  combination  the  form  of  <t)(A,)  for  other  can  be  ^obtained  by 
substituting  XTJ5110  for  the  variable  X  wherever  it  appears  in  the  analytic  expression  for  X"'  <{>5y„(X). 

Employing  this  substitution  in  the  analytic  approximation  to  the  model  M  solar  spectrum  previ¬ 
ously  introduced  gives  a  generalized  (t)(X,  : 
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In  the  wavelength  region  between  2  and  100  pm,  this  two-parameter  function  then  scales  the 
semiempirical  solar  spectrum  [1]  to  stars  for  which  dx^/dx  scX^T*  (i.e.,  giant  and  main-sequence  stars 
with  <  6000  K).  The  parameter  7^^  adjusts  the  shape  of  the  curve,  and  the  parameter  Q  adjusts  the 
solid  angle  subtended  by  the  star  and,  thus,  the  overall  normalization  of  the  curve.  This  formula  can  also 

be  written  as  Q  B[T(T^^  X),  X] ,  where 
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=  0.738  7 


eff 
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^0.182 


defines  the  dependence  of  brightness  temperature  on  wavelength,  and  B[T,X]  represents  the  Planck 
function.  Figure  4  shows  a  graph  of  the  brightness  temperature  dependence  for  several  values  of  7^^. 

In  the  case  of  stars  sufficiently  cooler  than  the  sun,  more  molecules  are  expected  to  form,  end  new 
sources  of  opacity  become  influential.  This  should  cause  departures  from  the  fitting  function.  It  is 
assumed  that  this  departure  does  not  occur  until  stars  later  than  type  M5  III,  since  it  is  not  until  M7  III 
that  H^O  absorptions  are  noticed  in  stellar  infrared  spectra  (Baldwin,  et  al.  [29]).  If  this  assumption  is 
wrong  (which  would  not  be  too  surprising  -  see  Manduca  et  al.  [30]  on  the  possible  effect  of  H^O 
opacity  on  the  continuum  flux  of  late-type  stars),  the  fact  should  become  evident  when  comparing  the 
predicted  relative  fluxes  of  different  types  of  stars  (obtained  using  the  fits)  with  those  actually  measured. 
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4.  TWO-PARAMETER  CURVE  FITTING 


A  two-stage  attempt  was  made  to  get  the  best  overall  fit  of  the  set  of  spectral  functions  for  all  the 
standard  stars  to  the  absolute  flux  measurements  on  individual  members  while  holding  the  relative  fluxes 
of  all  the  stars  in  correct  relation  to  each  other. 

4.1  FITTING  PROCEDURE,  FIRST  ROUND:  FITS  TO  RAW  ABSOLUTE  DATA 

First,  the  table  of  relative  flux  values  was  used  to  transfer  all  the  absolute  flux  measurements  to 
their  equivalent  values  for  a  single  star.  A  two-parameter  fit  was  then  performed  to  the  eight  data  points, 
each  weighted  by  an  uncertainty  composed  of  the  original  measurement  error  and  the  error  in  the  stellar 
ratio.  This  was  repeated  for  all  the  stable  stars  with  well-measured  ratios. 

The  resulting  smooth  fits  for  each  star  were  evaluated  at  2.2.  3.5,  1 1.  22.  and  60  pm.  These  flux 
values  and  the  table  of  relative  fluxes  were  then  used  for  each  star  to  find  the  corresponding  a  Boo 
fluxes.  At  each  wavelength  all  the  predicted  a  Boo  flux  values  were  then  averaged,  producing  the 
smoothed  flux  distribution  to  which  the  final  fittings  would  be  performed. 

First  round  fits  for  stars  hat  arc  believed  to  have  no  significant  CO  absorptions  were  also  evalu¬ 
ated  at  1 .6  and  4.8  pm  (typically  the  location  of  CO  bands),  as  well  as  2.2,  3.5,  11.  22.  and  60  pm.  The 
fluxes  at  these  extra  wavelengths  were  transfened  back  to  a  single  star,  this  time  a  Lyr  rather  than 
o  Boo.  and  averaged  as  before. 

4.2  FIT!  IN(;  PROCEDURE,  SECOND  ROUND:  FITS  RELATIVE  TO  SMOOTHED 

ALPHA  BOO  AND  ALPH  A  LYR 

Ail  subsequent  two-parameter  fits  for  cool  giant  stars  were  performed  against  the  f  '•ed 

a  Boo  data  points  transferred  to  the  star  of  interest  using  the  ratios  in  Tables  20  and  21  anu  J 

only  by  the  small  uncertainty  (about  2f<  at  20  pm  rather  than  lOf?)  in  these  flux  ratios. 

Two-paramcier  fits  for  relatively  hot  main-sequence  stars  with  no  C'O  bands,  such  cen, 

a  CMa.  and  a  C.Mi.  were  performed  relative  to  seven  data  points,  including  two  transferred  from  the 
smoothed  a  Lyr  spectrum,  again  weighted  only  by  the  uncertainties  in  the  flux  ratios  used  to  transfer 
them, 

4.3  RESULTS  OF  TV\  0-PARAMETER  FITTING 

To  check  the  validity  of  the  data  and  the  theory  ,  the  reduced  (sometimes  called  goodness  of  fit) 
for  the  final  fits  can  be  examined  for  clues. 

2  - y 
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where 


N  =  the  number  of  data  points  being  fit; 
n  =  the  nun.ber  of  parameters  in  the  fit; 

=  the  fitting  function  evaluated  using  the  best  fit  parameters; 

D  =  the  data  points  . .  .  D^Y, 

A  =  the  wavelength  at  which  data  point  i  is  located; 
a  =  the  uncertainty  by  which  data  point  /  is  weighted. 

lliis  number  is  generally  expected  to  be  around  1  if  the  errors  are  random  and  are  not  over  or 
underestimated.  For  large  enough  N  values  and  accurate  o  estimates,  there  is  about  a  50-50  chance  of  ;|f’ 
being  liirger  or  smaller  than  1  (but  not  by  much).  The  range  of  values  about  1  that  have  a  reasonable 
probability  can  be  found  for  a  given  value  of  N  ~  n  in  common  references  (Bevington  [31 )). 

4.3.1  Goodness  of  Fit  to  Raw  Absolute  Data 

The  average  value  of  reduced  X'.  obtained  using  the  final  fits  and  the  data  points  transferred  from 
the  original  eight  (unsmoothed)  absolute  flux  measurements,  comes  out  about  0.30  (or  0.25  if  only 
nonvariable  stars  are  included).  If  the  errors  were  estimated  correctly  and  were  random,  there  would  be  a 
less  than  5%  chance  that  a  value  less  than  or  equal  to  this  could  be  obtained  because  of  chance 

alignments  Therefore,  it  is  likels  either  that  most  of  the  error  estimates  were  conservative  or  that  the 

errors  are  primarily  not  random. 

It  is  hard  to  see  what  could  cause  a  systematic  error  that  seemingly  “knows"  about  the  shape  of  the 
fitting  function  (hard  at  least  for  the  data  obtained  by  blackbody  compansons;  the  three  solar  analog  data 
points  might  be  expected  to  behave  this  way).  Nevenheless.  in  the  remainder  of  this  report  it  is  assumed 
that  a  systematic  uncertainty  in  shape  shared  by  all  the  fits  exists,  causing  an  uncertainty  in  flux  that 
ranges  from  about  39r  below  10  pm  to  perhaps  b'/c  at  25  pm.  Approximately  this  same  estimated  uncer¬ 
tainty  can  be  derived  either  from  the  uncertainties  cited  by  Rieke  |4]  based  on  the  stellar  direct  calibra¬ 
tion  measurements  or  those  given  in  Mankin  |25)  based  on  the  estimated  quality  in  measurements  of  the 
solar  spectrum  (and  thus  the  shape  of  our  fitting  function).  Since  this  is  apparently  not  a  random  effect 
and  is  the  same  for  all  the  stars,  no  averaging  of  calibrations  based  on  different  stars  can  reduce  the 
resulting  uncertainty  in  flux  and  band  latios. 

4.3.2  Goodness  of  Fit  Relative  to  Alpha  Boo 

The  average  value  of  reduced  x^  obtained  in  fits  against  the  five  smoothed  a  Boo  absolute  flux 
values  transferred  using  Tables  20  through  22,  is  about  1.3.  The  probability  that  by  chance  a  two- 
parameter  fit  would  give  a  value  smaller  than  or  equal  to  this  is  about  757f .  That  is  reasonable,  indicating 
that  the  random  errors  estimated  in  the  relative  fluxes  are  about  right  at  the  1-0  level. 

!f  one  averages  the  relative  fit  x*  values  only  for  stars  included  in  Rieke's  primary  and  secondary 
lists  for  which  no  variability  is  noted,  an  even  more  encouraging  average  value  of  0.8  is  obtained.  The 
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probability  that  the  reduced  x'  would  be  less  than  or  equal  to  this  is  about  5091:.  indicating  that  the 
estimated  l-o  measurement  enors  are  very  accurate  when  the  effect  of  variability  is  discounted. 

This  excellent  fit  indicates  nothing  about  our  knowledge  of  the  absolute  shape  of  the  function  used 
to  fit  the  stars  but  onl>  that  the  way  the  two-parameter  fits  for  different  stars  behave  relative  to  each  other 
can  mimic  the  actual  relative  measurements.  It  also  does  not  say  whether  there  is  much  systematic 
behavior  to  mimic  or  whether  these  stars  just  have  constant  ratios  to  each  other  within  the  expected  errors 
at  all  wavelengths;  however,  one  can  also  examine  the  values  of  the  parameters  (7^^and  Q)  obtained  in 
the  fits  for  different  stars  and  compare  them  with  those  found  using  independent  means.  As  shown 
below,  such  a  companson  offers  much  to  encourage  the  idea  that  the  elaborate  fitting  function  with  its 
dependence  on  T^^has  something  to  do  with  the  way  the  spectra  of  actual  stars  with  differing  tempera¬ 
tures  relate  to  each  other  and  that  the  measurements  arc  sensitive  enough  to  demonstrate  this. 

4.4  COMPARISON  OF  BEST-FIT  PARAMETERS  AND  INDEPENDENT  MEASUREMENTS 

Both  parameters  used  in  the  fitting  function  have  been  detemiincd  by  independent  means  for  at 
least  some  of  the  stars  we  are  fitting  (sec  Table  29).  Effective  temperatures  (with  uncertainties  less  than 
59f )  for  stars  of  a  given  spectral  type  arc  available  in  Gray  132]. 

Angular  diameters  have  been  determined  for  .some  stars  by  means  of  interferometry  ,  lunar  occulta- 
tion.  and  indirect  means  involving  the  modeling  of  visible  light  spectra.  A  compilation  of  such  measure¬ 
ments  is  available  in  Augasoii  cl  al.  |.33j  for  (he  stars  a  Bex)  and  a  Tau. 


TABLE  29 

Comparison  of  Best-Fit  and  Measured  Parameters  for  Sample  of  Important  Stars 


Spectral 

Best-Fit 

Best-Fit  0p 

Star 

Type 

(K) 

(mas) 

(expt) 

(mas) 

a  Boo 

4265 

21.5 

21.9®' 

a  Tau 

3840 

21.4 

21 .6®' 

P  Gem 

KO  111 

4420 

8.62 

a  Cen  A 

_ 

G2  V 

5760 

8.52 

6870 

8.40^ 

*  Weighted  average  of  all  determinations  (33] 

t  Derived  from  listed  radius  and  distance  (closest  star)  (27) 
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For  liiis  select  group  of  stars  the  agreement  in  the  best-fit  parameters  and  the  independently 
measured  values  is  better  than  1%  in  all  cases.  Note,  as  well,  that  a  wide  range  of  .stellar  types  is 
represented  (virtually  the  entire  range  for  which  we  a  priori  expected  the  fitting  function  to  be  validy.  It 
thus  appears,  at  least  from  this  limited  sample,  that  the  behavior  of  the  fitting  function  models  the 
behavior  of  the  real  world  and  that  the  infrared  measurements  available  are  accurate  enough  to  discrimi¬ 
nate  between  stars  of  different  temperature  on  this  basis. 

The  fact  that  a  Cen,  a  solar-type  star,  comes  out  with  approximately  the  same  temperature  as  the 
sun  is  a  particularly  good  sign.  It  implies  that  if  one  started  with  just  the  relative  photometry  and 
performed  a  solar  analog  calibration  using  a  Cen  as  the  solar  analog  star,  the  calibration  would  be 
e.ssentially  the  same.  This  is  a  nice  check  of  internal  consistency. 

4,4.1  Behavior  of  Best  Fit  T versus  Spectral  Type 

There  are  actually  about  a  dozen  stars  with  <  6(XX)  K  on  which  two-parameter  f.is  have  been 
performed  and  for  which  Gray  |32j  has  given  temperatures  (though  angular  sizes  are  unavailable).  If  the 
ratio  of  the  best-fit  to  the  value  iti  Gray  is  taken  for  each,  the  average  result  is  0.999  and  the  standard 
deviation  is  0.04.  Tliis  is  verv'  good  agreement  given  that  uncertainties  of  5%  were  cited. 

There  arc  also  about  10  stars  of  spectral  type  later  than  M2  (cooler  than  36(X)  K)  for  which  Gray 
provides  no  temperatures.  If  the  bcst-fii  1\„  for  all  20  plus  G  to  M  type.  Class  111-11  stars  arc  plotted 
versus  spectral  type,  an  approximaicK  linear  relation  is  found  (Figure  both  in  the  region  where  Gray 
has  given  values  and  beyond.  The  lack  of  any  discontinuity  encourages  us  to  u.sc  the  same  fining 
function  for  stars  as  late  as  M.^  Ill  or  so. 

4.5  STARS  FOR  WHICH  6000  K 

For  a  star  with  an  effective  temperature  higher  than  that  of  the  sun.  a  discrepancy  between  Gray's 
value  of  7^^^  and  the  besl-flt  value  is  evident.  This  discrepancy  is  to  be  expected  since  the  theory  behind 
the  denvation  of  the  fitting  function  applied  only  lo  stars  cooler  than  6(X)()  K.  However,  when  viewed 
just  as  a  mathematical  curve,  the  function  provides  a  reasonable  fit  to  the  data  (with  the  same  sorts  of 
values  as  before)  when  used  with  the  best-fit  (but  unphysical)  parameters  listed  in  Table  .30.  Because 
there  ts  no  discontinuity  in  the  opacity  of  these  stars  at  1.6  pm,  the  fils  in  this  .section  have  the  same  level 
of  p.scudovalidiiy  at  least  back  to  1 .2  pin. 

4.6  DEPTH  AND  SHAPE  OF  CO  ABSORPTION  BANDS:  CLASS  III  II  STARS 

The  fundamental  (Av  =  Ij  vibration-rotation  band  of  CO  is  centered  near  4,7  pni.  a  first  overtone 
(Av  =  2)  band  is  centered  near  2.,*'  |im.  and  a  second  ovenone  at  about  1.6  pm,  just  at  the  edge  of  the 
range  of  validity  for  the  reponed  Ills  The  work  of  Slrcckcr  cl  al.  |35).  Hackwcll  and  Gehrz  |.36J.  and 
others  indicates  that  these  molecular  absorption  bands  account  for  significant  deviations  from  smooth 
spectra  for  giant  and  supergiarit  stars  of  6(KX)  K  and  cooler  (the  extended  atmospheres  of  which  allow 
molecules  to  fomi).  The  primary  concern  here  is  the  4,7-pni  band. 
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14KO  S 


Fif<ut  c  y  r.ftccinr  icmpci  atw  c  vcsm  spei  lral  type  (Class  III  stars)  Circles  yive  ternpera- 
till  es  listed  III  Gray  Jar  siai  s  of  the  Kisen  spectral  type.  The  squares  are  values  from 
2paranictri  fits  done  in  piescni  ssoik  The  dashed  line  Ktves  the  best  fit  through  the  data 
pmiiii  and  m  used  I"  predn  I  temperaiwrs  for  stars  of  spectral  types  cooler  than  those  for 
sshich  Gray  has  lahulalcd  wines 


TABLE  30 

Using  Bsst'Flt  Parameters 


Spectral 

Type 


f 

0)* 

(K) 

(10-15  sr) 

6104 

1.147 

4869 

0.807 

4766 

1.559 

5881 

0.332 

Absolute 


‘Use  t  and  u)  in  place  of  T^^  and  £2  in  fitting  function. 

’Note  that  the  y/  given  lor  a  l.yr  refers  only  to  flux  below  12  pm,  since  it  is  well  established  that 
an  orbiling  debris  cloud  contributes  significan;  extra  flux  at  20  pm  and  beyond  (Leggett  [34]). 


4.^ 


4.6.1  CO  Absorption  Depth  at  4.8  Troin  I-'its  and  Relative  Photometry 

Since  ii  is  expected  that  certain  stars  being  fit  have  no  significant  CO  bands  (i.e.,  the  Class  V  stars 
o  Cell  A  ry  CMa,  a  Lyr,  the  Class  IV  star  a  CMi;  and  the  ho!  Class  1  stat  a  Car),  these  can  be  used  as 
standards  against  which  to  measure  the  depth  of  the  absorption  in  those  stars  that  do  have  CO  bands.  In 
particular,  the  relative  photometry  at  4.8  jrm  can  be  used  to  find  the  measured  ratios  of  stars  with 
absoipiions  to  those  without.  The  smooth  two-parameter  fits  can  then  be  used  to  find  the  expected  ratios 
m  the  absence  of  CO  bands  in  any  of  the  siars.  The  difference  reveals  the  percent  absorption.  This 
procedure  was  done  for  15  stars  and  the  results  plotted  against  spectral  type.  There  seems  to  be  approxi¬ 
mately  a  linear  relationship  between  percent  absorption  and  spectral  type  (and  thus  effective  temperature) 
of  the  particular  star  (Figure  b). 

4.6.2  CO  Absorption  Bands,  Shape,  and  Depth  from  Spectrophotometry 

Streckcr  ct  al.  1.^5)  repons  the  results  of  airborne  stellar  spectrophotometry  on  13  stars  earlier  than 
type  M3,  giving  relatively  continuous  spectral  curves  for  the  stars  in  the  wavelength  range  1.2  pm  <  X  < 
5.5  luii.  Spectra  were  calibrated  by  scaling  the  data  so  thai  o  Lyr  has  the  spectral  curve  predicted  by  the 
theoretical  modeling  oi  Schild  ei  al.  (371  Tneoretical  modefs  for  this  class  of  star  have  been  found  to  be 
suspect  in  the  infrared  ponton  ot  the  spectrum  (31.  It  is.  however,  possible  to  recalibrate  the  curves  by 
dividing  uul  'Mr  assumed  a  I  yr  curve  and  ihen  multiplying  by  the  a  Lyr  fit  obtained  in  the  present  work, 
Doing  this  and  ihen  dividing  each  star's  spectrum  by  its  own  fit  should  give  flat  distributions  about  equal 
to  i,  except  in  leginiis  of  abM.rpiiuii.  Tlii:,  i>  indeed  the  re.sult  obtained,  as  shown  in  Figure  7(a)  and  in 
the  Appendices. 

Profiles  of  CO  absorption  c  an  be  extracted  in  this  way  for  six  ol  ...e  stars  that  have  been  fit  (a  Boo. 
a  lau.  P  Gem.  P  And.  a  Cet.  and  p  Peg).  The  absorption  depth.s  read  off  these  plots  at  the  4.8-|im  point 
correlate  very  well  with  those  obiaincd  in  ihc  previous  section  using  photometry  ;  however,  the  new 
values  seem  to  be  syslematicallv  .V/(  deeper.  The  slope  of  a  linear  fit  to  the  plot  of  depth  versus  spectral 
type  is  essenii.'illy  identical  (see  Table  31). 

The  profile  of  the  absorpiion  band  obtained  from  the  data  in  Strecker  el  al.  (35)  extends  only  to 
5. .5  pni  (and  not  even  the.  far  in  some  cases).  No  published  data  seem  to  be  available  that  show  what 
happens  beyond  this  point,  yet  the  issue  is  important  because  here  the  band  has  just  barely  passed  the 
region  of  maximum  absoryition.  Rather  than  prcyieci  straight-line  trends,  this  report  uses  the  same  star's 
first  ovenone  band  a:  2,7  pm  as  a  model  of  the  complete  band  shape.  An  affine  transfomiation  is 
pertonned  or.  the  2.7-pjn  profile  in  order  to  map  the  region  at  the  beginning  of  the  band  (up  to  just  after 
the  inaximuiTi  .absorption)  -^nto  the  corresponding  part  of  the  4.8-pm  fundamental  band.  The  transformed 
coniinuation  of  the  2.7  pm  band  up  to  the  region  of  zero  absorption  is  then  a.ssumed  to  give  the  best 
guess  for  how  the  real  4.8-pm  absorption  profile  would  continue  (see  Figure  7(b)]. 

4.6.3  Stars  with  No  Ditect  Spectrophotometry 

Tw  o  things  that  are  apparent  from  the  Strecker  data  are  that  the  same  basic  absorpiion  profile 
.seems  i'j  repeal  in  cool  stars  of  types  K2  to  M3  and  that  the  depth  of  this  absorpiion  at  its  maximum 
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SPECTRAL  TYPE 

Finuic  6.  CO  ahsorpiunt  depth  at4.8tim  versus  spectral  type  (Class  III  sta.  sl: 
determination  from  relative  photometry  ■ 


TABLE  31 


Absorption  Depths  at  4.8  pm 


increases  approximately  linearly  with  a  star’s  spectral  type.  This  implies  that  a  good  way  to  approximate 
the  spectra  of  a  star  for  which  no  information  is  provided  would  be  to  take  an  average  CO  absorption 
profile  normalized  to  depth  1  at  4,8  pm,  multiply  by  a  scaling  factor  based  on  the  star's  spectral  type,  and 
subtract  the  percent  absorption  thus  determined  from  the  continuous  curve  generated  by  our  fitting 
function. 

To  generate  such  an  average  profile,  the  normalized  absorptions  found  in  a  Tau.  P  And,  and  p  Peg 
were  averaged:  the  result  is  shown  in  Figure  8.  A  tabulated  version  of  this  profile  is  given  in  Appendix  B. 
The  expected  depth  can  be  read  in  Table  32,  as  can  the  expected  (provided  in  Gray  [32]  where  ap¬ 
propriate  and  from  a  linear  fit  beyond  M2). 


Ff^me  7  Alpha  Tam  i  CO  hands  '  lai  Raw  data  from  Sncckcr  ct  al..  ih)  sarnc  data  with 
postulated  cxteitsmn  beyond  A  pm  based  on  affine  transformation  of  band. 
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Fifitire  8  Ayf'0(<e  CO  absorption  profile  at  5  fi.ni. 

TABLE  32 

Depth  nf  Absorption  and  of  Star  by  Spectra!  Type 


Index 

Spectral 

Type 

TcM 

Gray 

132] 

CO  Absorption 
Depth 

(%) 

1 

G7  III 

4650 

-5.3 

2 

G8  III 

4600 

-7.3 

3 

G9  III 

4450 

-9.4 

4 

KO  III 

4400 

-11.4 

5 

K1  III 

4300 

-13.5 

6 

K2  III 

4200 

-15.5 

7 

K3  III 

4100 

-17.5 

8 

K4  III 

3900 

-19.6 

9 

K5  III 

3800 

-2’. 6 

10 

MO  III 

3730 

-23.7 

11 

M1  'll 

3670 

-25.7 

12 

f/l2  111 

3550 

-27.7 

’3 

M3  III 

3410* 

-29.8 

14 

M4  III 

3310* 

-31.8 

15 

M5  III 

3210* 

-33.9 

16 

M6  III 

3110* 

-35.9 

From  linear  fu  to  two-parameter  T  ^  values  determined  in  this  worK. 


Actual  absorption  data  for  specific  stars  scatter  ^rom  a  linear  fit  with  a  standard  deviation  of  5.5%. 
Most  of  this  IS  probably  real  vanation  in  stars.  Funhermore.  the  shape  of  the  CO  profile  causes  uncertain¬ 
ties  of  about  5% .  Thus,  the  uncenainty  near  the  center  of  the  band  for  predictions  on  a  star  having  no 
spectral  obsenations  of  its  own  are  about  7  to  8%  . 
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5.  SPECTRA  USED  FOR  PREDICTIONS 


5.1  METHOD 

Because  of  the  good  agreement  between  the  best  fit  values  obtained  for  T^^and  those  listed  in  [32], 
it  was  decided  to  use  one-parameter  fits  for  the  broadband  predictions.  The  same  function  was  used  as 
before,  but  this  time  the  effective  temperature  parameter  was  preset  according  to  the  stars’  spectral  type 
(Table  32)  and  only  Q  was  optimized  during  the  fitting  process. 

The  resulting  curves  were  then  multiplied  by  arrays  which  modify  the  star’s  spectra  to  account  for 
the  CO  bands.  If  the  star  was  one  of  the  six  with  measurements  presented  in  [35],  these  data  were  used 
directly  (with  the  projection  beyond  5.5  pm  performed  as  in  Section  4.5.2).  When  no  direct  measure¬ 
ments  were  available,  the  average  CO  profile  was  used  with  a  depth  set  for  the  stars  specific  spectral 
type  according  to  Table  32. 

The  parameters  used  are  shown  for  the  whole  group  of  stars  discussed  in  Section  5.2.  Plugging  the 
parameters  into  the  two-parameter  function  gives  the  star’s  spectral  flux  density  outside  the  Earth’s 
atmosphere  in  units  of  Watts  cm  *  p  '.  Appendix  B  contains  the  expanded  form  of  the  spectra,  CO 
absorptions,  and  residuals  for  specific  stars. 

Once  the  spectral  flux  density  is  found  for  a  given  star  as  described  above,  it  is  multiplied  by  an 
array  representing  the  transmission  and  response  function  for  the  band  of  interest  and  integrated  numeri¬ 
cally.  This  result  is  then  multiplied  by  the  light-gathering  area  of  the  sensor.  Figure  9  shows  the  resulting 
spectrum  of  a  Tau  plotted  versus  wavelength. 

5.2  PARAMETERS  TO  BE  USED  IN  SPECTRAL  ESTIMATION 

5.2.1  Spectral  Type  G  to  K 

The  stars  in  Tabic  33  are  nonvariable  (except  y  Dra)  and  are  the  stars  for  which  the  theory  in  this 
report  was  designed  (//^  absorption  is  the  only  major  infrared  opacity  source).  It  is  not  surprising,  there¬ 
fore.  that  in  general  they  have  values  of  reduced  x'  of  1  or  less.  The  exceptions  are  a  Cen  (Table  34), 
which  is  in  the  southern  hemisphere  and  as  a  result,  probably  not  tied  in  as  accurately  to  the  flux  ratio 
network  of  northern  stars:  and  y  Dra.  which  is  variable  in  the  visible,  and  judging  from  its  fit.  in  the 
infrared  as  well. 

5.2.2  Spectral  Type  M 

Table  3.5  lists  some  of  the  stars  that  are  variable  by  5  to  10%  in  the  infrared  (the  larger  the  number 
following  M  in  the  spectral  designation,  the  more  likely  is  significant  variability).  Howc.cr.  the  pno- 
tomcirs  from  which  these  fits  were  derived  was  collected  over  a  long  time  period  and  one  may  hope  that 
the  fits  represent  the  average  flux  over  several  cycles. 
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Figure  V.  Alpha  Tuan  spcurum.  hcMfil  wnh  CO  h'jnJi  supcrimpoird  (duplaycd  iwo  ways) 
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TABLE  33 


Class  ill  Stars:  Types  G  to  K 


Star 

(K) 

Q 

(lO’^ar) 

2 

X* 

Absolute 

X* 

Relative 

u  Boo 
(K2  111) 

4200 

8.71 

03 

1.6 

a  Tau 
(K5  III) 

3800 

8.60 

0.1 

■■ 

P  Gem 
(KO  Mi) 

4400 

1.380 

0.3 

0.7 

a  Aur 
(G8  III) 

4600 

2.53 

0.3 

0.7 

a  Hya 
(K4  III] 

3900 

1.875 

0.3 

0.9 

a  An 
(K2  III) 

4200 

0.987 

0.2 

02 

yAql 
(K3  II) 

4100 

0.989 

0.1 

11 

Y  Dra 

(K5  III) 

3800 

2.10 

06 

■■ 

TABLE  34 
Clast  V  Stars 


Star 

(K) 

ll 

(10  ’^  sr) 

x! 

Absolute 

x! 

Relative 

a  Cen  A 

5870 

1  324 

0.7 

2.3 

(G2  V) 

aCENB 

5060 

0688 

0.6 

3 

TABLE  35 


Claai  II  -III  Stara:  Typa  M 


&tir 

(K) 

il 

(lO’Sr) 

x! 

Abtolulf 

A  V 

Ralellv* 

M  Lima 
(MO  III) 

3730 

1.444 

0  3 

2 

5  And 
(MO  III) 

3730 

3.69 

0.1 

09 

u  Cel 
(M2  III) 

3650 

3.28 

0  3 

0,02 

fJPeg 
(M2  5  H  ill) 

S'.  70 

662 

03 

1.4 

p  Gum 
(M'J  III) 

3410 

438 

0,0 

0.7 

r\  Gem 
(M4  III) 

3410 

282 

0.6 

1.4 

()Gru 

(M3  II) 

3410 

14  74 

02 

1.7 

Y  Cru 
(M3  III 

3410 

13/4 

02 

03 

d  Vir 
(M3  III) 

3410 

2.3b 

0. 

0.9 

2  Cun 
(M4  III) 

3310 

:.7s 

08 

00 

0  Lib 
(M4  III) 

3310 

2.96 

07 

23 

p  Per 
(M4  II  III) 

3310 

48B 

04 

1.8 

KKLA TIVK  BKIlAVlOK  OK  H  I  S  WI  I  |i  WAVKLI:N(;1  H 

](  !•.  cH\)  lo  (lividr  ilic  fil  ohiaincd  lor  each  Mar  by  thr  fil  obtained  for  a  bo<.>  and  evaluate  the 
predicted  fcluiivc  llux  at  wavclciiytlic  close  to  those  at  which  measurements  of  rciulivc  flux  were  taken, 
laldcs  30  mill  37  ^'ivt  itie  rtl««iivc  (lux  values  picdicicri  using  the  fits  and  the  caneSiV/r.^iig  measured 
values  taken  from  1  abics  2(i  and  2 1 . 

If  the  fitting  functions  indeed  represent  the  true  spectral  shape,  the  ratio  of  the  predictions  to  the 
nicBsurements  should  crime  out  close  to  I  with  a  standard  deviation  that  is  u  measure  of  the  average 
runrloiii  enor  tii  the  group  of  meusurciiiciits  Ilie  average  number  will  not  be  exactly  1  if  there  is  also  an 
rnoi  III  the  ineusurcd  s.  luc  of  (t  Moo.  but  will  differ  by  alxiut  the  error  (c.g..  at  I  I  pm  the  average  of  the 
phutoiiictrii  iimgiiitiiclcs  listed  for  u  liw  was  -.3.1.*i  1  0.013,  but  perhaps  -3.14  is  the  true  magnitude). 
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TABLE  36 


Predtcled  and  Measured  Relative  Flux  Values 
Primary  Standards 
(a  B00  =  1) 


Star 

2.2^01 

3.5  mhi 

11  urn 

22 

60  ^m 

oTau 

WBBM 

■SB 

■IB 

mBSsm 

a  Aur 

0.320 

0.318 

0.317 

P  Gem 

mssgm 

0.168 

0.166 

0.166 

0.1 71 

0.168 

0  166 

0.169 

a  Hyu 

0.191 

0.195 

0.199 

0.200 

0.19? 

0.196 

0.203 

0.198 

0.197 

0  An 

0.113 

0.113 

0.113 

0.113 

0.113 

0.113 

0.113 

0.110 

0,119 

0.116 

yAql 

0.109 

0.110 

0.111 

0.111 

0.111 

0.108 

0.113 

0.108 

0.118 

0.105 

Y  Dra 

0.205 

0.211 

0.217 

0.218 

0.219 

0.213 

0.216 

0.207 

0.223 

0.223 

a  CMa 

0.226 

0.209 

0.194 

0.191 

0.191 

0225 

0.209 

0.194 

0.196 

0.184 

a  CMi 

0.116 

0.112 

0.108 

0.107 

0.107 

0.116 

0.109 

0.108 

0.110 

0.110 

u  Lyr 

0.0580 

0.0540 

0.0532 

0.0578 

0.0536 

0.346 

Note:  Bold  Face  numbers  use  the  fits;  medium  face  numbers  are  measured. 


Average:  Fit  Value  Divided  By  Measured  Value  and  the  Deviation 


1.0001 

10.015 


0.9962 

±0.015 


1.0119 

±0.019 


0.9700 

±0.02 


1.0058 

±0.03 


TABLE  37 


Predicted  and  Measured  Relative  Flux  Values 
Secondary  Standards 
(a  BOO  =  1) 


Star 

2.2  pm 

3.5  pm 

11  pm 

22  pm 

BSI 

P  And 

MSM 

— f 

0.373 

0.375 

0.376 

BiSH 

0.365 

0.385 

0.386 

a  Cet 

■BEH 

0.325 

0.327 

0.328 

0.296 

0.313 

0.332 

0.318 

MUMa 

0.134 

0.138 

0.143 

0.143 

0.144 

0.136 

0.142 

0.137 

0.149 

0.140 

p  Peg 

0.492 

0.518 

0.548 

0.553 

0.555 

0.486 

0.518 

0.528 

0.595 

0.558 

P  Gru 

1.21 

1.28 

1.36 

1.38 

1.38 

1.22 

1.30 

1.30 

1.40 

1.44 

YCru 

1.12 

1.19 

1.26 

1.28 

1.28 

1.11 

1.21 

1.27 

1.31 

1.29 

H  Gem 

0.355 

0.376 

0.399 

0.404 

0.405 

0.363 

0.368 

0.383 

0.430 

0.397 

Tj  Gem 

0.232 

0.246 

0.261 

0.264 

0.265 

0.211 

0.252 

0.256 

0.279 

0.275 

p  Per 

0.380 

0.406 

0.436 

0.441 

0.443 

0.374 

0.402 

0.412 

0.474 

0.491 

d  Vir 

0.193 

0.205 

0.217 

0.220 

0.221 

0.196 

0.204 

0.218 

0.239 

0.212 

2  Cen 

0.291 

0.311 

0.334 

0.339 

0.340 

0.291 

0.310 

0.349 

0.345 

0.369 

o  Lib 

0.230 

0.246 

0.264 

0.268 

0.269 

I 

0.232 

0  248 

0.273 

0.254 

0.281 

Note:  Bold  Face  numbers  use  the  fits,  medium  face  numbers  are  measured. 


Average:  Fit  Value  Divided  By  Measured  Value  and  the  1o  Deviation 

1.008  0.9945  1.018  0.9654  0.9822 

±0.03  ±0.017  ±0.033  ±0.037  ±0.044 
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The  results  using  fits  to  A-  to  K-type  stars  (Table  36)  and  those  using  fits  to  the  cooler,  less  stable, 
M-type  stars  (Table  37)  are  completely  consistent,  and  they  seem  to  indicate  that  it  was  valid  to  extend 
the  use  of  the  fitting  function  to  the  cooler  stars  despite  any  fears  about  the  effects  of  molecular  opacity 
and  significantly  different  pressure  regimes. 

The  apparent  errors  in  the  relative  a  Boo  flux  values  obtained  from  photometry  are  about  0.2%  at 
2.2  pm.  0.5%  at  3.5  pm,  1 .3%  at  1 1  pm,  3.1%  at  22  pm.  and  0.2%  at  60  pm.  Except  for  the  22-pm  result, 
these  errors  are  all  in  keeping  with  the  average  random  errors  deduced  fiom  the  standard  deviations  or 
with  the  estimated  errors  in  the  a  Boo  photometry. 

5.3.1  Depression  in  Alpha  Boo  Spectrum 

At  22  pm  the  deviation  of  prediction  from  measurement  is  larger  than  can  be  explained  by  chance 
errors  in  photometry  (and  an  examination  of  the  original  photometry  shows  the  effect  in  seveial  inde¬ 
pendent  data  sets),  The  most  likely  explanation  is  that  the  actual  a  Boo  spectrum  deviates  from  that 
predicted  in  this  region.  However,  the  small  standard  deviation  in  the  prediction-measurement  ratios 
shows  essentially  only  that  a  Boo  acts  differently  from  the  predictions  here,  possibly  because  a  Boo  is 
unique  among  these  stars  in  having  an  abnormally  low  proportion  of  heavy  elements  in  its  atmosphere. 
To  take  into  account  the  depression,  the  integrated  broadband  powers  in  the  20-pm  region  can  be  lowered 
by  3%  for  a  Boo. 

5.4  COMPARISON  WITH  PREMOL'S  CALIBRATIONS 

Standard  star  fluxes  reconstructed  from  previously  published  calibrated  photometric  systems  can 
easily  be  compared  with  the  present  predictions  at  the  same  wavelength  for  all  the  stars  in  common.  The 
good  agreement  of  these  predictions  w  ith  the  shon  wavelength  calibration  of  Campins  et  al.  (3]  is  clear 
from  Table  3S. 


TABLE  38 

Percent  Difference  in  Average  Stellar  Flux  Obtained  Using  Previous  Calibrations 


2.2  pm 
(%) 

3.5  pm 
(%) 

11  pm 

(%) 

22  pm 
(%) 

60  pm 
{%) 

IRAS 

-15 

-1.5 

-1.5 

Rieke  [4] 

-1.5 

+4 

Campins  f3] 

+0.5 

-1.5 

Aerospace  [5] 

+4 

+  10 
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As  far  as  band  ratios  are  concerned,  using  our  model  M  fits  (including  the  adjustment  for  a  Boo  at 
20  |jm)  is  essentially  equivalent  to  using  the  IRAS  calibration.  The  IRAS  researchers  extrapolated  a  12- 
pm  calibration  (obtained  from  Rieke's  lO-pm)  to  25  and  60  pm.  by  assuming  that  the  average  of  band 
ratios  for  a  group  of  standard  stars  (some  hotter  than  the  sun  and  some  cooler)  should  be  the  same  as  the 
solar  band  ratios  calculated  from  the  Vemazza  et  al.  (1]  spectrum,  a  method  reminiscent  of  solar  analog 
calibration  (but  having  a  somewhat  more  speculative  basis,  since  solar-type  stars  were  not  used).  The 
agreement  between  their  band  ratios  and  those  in  this  report  is  due  to  the  use  of  the  model  M  solar 
spectrum  as  the  basis  for  both.  The  use  of  this  spectrum  has  now.  however,  been  justified  on  a  somewhat 
more  rigorous  basis. 

Since  the  methods  of  extrapolation  used  were  not  independent,  the  60-pm  agreement  between 
IRAS  and  this  repon  does  not  in  itself  say  anything  about  the  accuracy  in  the  60-pm  calibration. 
However,  the  IRAS  researchers  performed  an  independent  check  by  extrapolating  their  25-pm  calibration 
using  asteroids.  The  60-pm  calibration  obtained  using  observations  of  three  asteroids  (the  expected  spec¬ 
tral  emission  curves  of  which  were  predicted  using  the  standard  asteroid  model)  differed  by  -4%  from 
the  calibration  obtained  using  stars  [2]).  If  one  uses  a  more  realistic  Saari-Shorthill-type  temperature  dis¬ 
tribution  ([38],  and  the  Johnson  et  al.  139)  for  the  asteroids,  the  asteroid-based  60-pm  calibration  differs 
from  the  stellar-based  by  only  -1%  (Engelke  |40]).  Thus,  there  is  some  reason  to  hink  that  the  calibra¬ 
tion  curves  reported  here  may  be  useiui  out  to  60-pm  with  high  accuracy. 

The  difference  between  the  Vemazza  et  al.-type  and  the  Rieke  calibrations  at  20  pm  (and  the  large 
difference  in  10-  to  20-pm  band  ratios)  appears  to  be  due  to  the  indirectly  extrapolated  photometry  Rieke 
uses  to  transfer  the  20-pm  p  Gem  flux  to  other  stars  in  the  system. 

S.5  FINAL  RESULTS  IN  THE  FORM  OF  MAGNITUDES 

To  ease  comparison  w  ith  the  astronomical  literature.  Table  39  displays  the  results  of  this  work  in 
the  form  of  magnitudes.  Once  again  the  absolute  scale  is  defined  by 

.  ,  1.89x10"'- 

zero  magnitude  =  — ? - . 

XNexpll.44/X)-l) 

Uncenainties  in  this  absolute  scale  are  again  39i  below  12  pm.  increasing  to  69c  al  25  pm.  The  22-pm 
a  Boo  magnitude  has  been  raised  by  0.03  to  account  for  the  apparent  depression  mentioned  earlier. 
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TABLE  39 

Theoretical  Relative  Magnitudes 


Star 

2.2  pm 

3.5  pm 

4.8  pm 

11.0  pm 

a  Boo 

-3.05 

-3.12 

(t  .05) 
-2.96 

-3.15 

-3.10 

-3.10 

a  Teu 

-2.87 

-2.96 

-2.68 

-3.02 

-3.01 

-2.98 

a  Aur 

-1.86 

-1.91 

-1.83 

-1.91 

-1.89 

-1 .86 

p  Gem 

-1.13 

-1.19 

-1.07 

-1.20 

-1.18 

-1.15 

a  Hya 

-1.26 

-1.35 

-1.14 

-1.40 

-1.38 

-1 .36 

o  Ari 

-0.69 

-0.76 

-0.59 

-0.79 

-0.77 

-0.74 

yAql 

-0  65 

-0.72 

-0.53 

-0.76 

-0.74 

-0.72 

a  Cen  A 

-1.54 

-1.53 

-1  52 

-1.48 

-1.45 

-1 ,42 

c  Cen  B 

-0.60 

-0.62 

-0  63 

-0.60 

-0.58 

-0.55 

a  -''Ma 

-1.44 

-1.42 

-1  41 

-1.37 

-1  34 

-1,31 

■CMi 

-0.71 

-0.74 

-0  75 

-0.73 

-0.71 

-0.68 

-Lyr 

-0.04 

-0.03 

-0  02 

-►0.02 

excess 

excess 

a  Car 

-1.39 

-1.43 

-1  44 

-1.43 

-1.40 

-1 ,37 

yDra 

-1  34 

-1.43 

-1  20 

-1.49 

-1  48 

-1.45 

±0.03 

±0.03 

±0.03 

±0.06 

±0.03 

±0.03 

p  And 

-1.91 

-2.02 

-1  69 

-2.08 

-2.07 

-2.04 

p  UMa 

-0  90 

-1.00 

-0  71 

-1.06 

-1.05 

-1.03 

o  Cet 

-1.75 

-1.86 

-1.55 

-1.93 

-1  92 

-1 .89 

P  Peg 

±0.02 

-2.28 

±0.02 

-2.40 

-2,09 

±0.02 

-2.49 

±0.02 

-2.48 

±0.02 
-2  46 

±0.16 

±0.16 

±0.17 

±0.16 

±0.16 

±0.16 

yCru 

-3  18 

-3.31 

-297 

-3.40 

-3.40 

-3.37 

p  Gru 

-3.^0 

-3.39 

-3.05 

-3,48 

-3,47 

-3,45 

±0.11 

±0.11 

±012 

±0,11 

±0.11 

±0.11 

p  Per 

-2.00 

-2.14 

-1 ,77 

-2  25 

-2.24 

-2.22 

±0.15 

±0.15 

±0.16 

±0.15 

±0.15 

±0.15 

H  Gem 

-1.94 

-2.07 

-1.73 

-2,18 

-2.16 

-2.13 

±0.09 

±0.09 

±0.10 

±0,09 

±0,09 

±0.09 

T|  Gem 

-1.46 

-1.59 

-1.25 

-1.69 

-1,68 

-1 .66 

±0  15 

±0.15 

±0.1 

±0.15 

±0,15 

±0.15 

2  Cen 

-1.71 

-1.85 

-1.49 

-1,96 

-1.96 

-1.93 

±0.15 

±0.15 

±0.15 

±0.15 

±0.15 

±0.15 

avir 

-1.27 

-1.40 

-1.06 

-1.49 

-1.49 

-1 .46 

o  Lib 

-1.46 

-1.60 

-1.23 

-1,70 

-1.70 

-1.68 

±0.05 

±0.05 

±0.07 

±0.05 

±0.05 

±0.05 

a  Her 

-3  56 

-3.75 

-3.43 

-3,91 

excess 

excess 

±0.15 

±0.15 

±0  15 

±0,15 

Note  Uncertainties  of  0.01  unless  otherwise  specified 
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APPENDIX  A 

SELECTION  OF  POSSIBLE  STARS  STANDARD  STAR  NETWORK 


G.  K.  Rieke 
27  June  1988 
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I.  Introduction 


A  network  of  standard  “stars"  needs  to  satisfy  the  following  requirements: 

1.  They  must  be  of  a  brightness  that  can  be  measured  at  high  accuracy  without  danger  of 
saturation  -  i.e.,  neither  too  faint  nor  too  bright. 

2.  They  should  be  distributed  well  over  the  sky. 

3.  They  should  preferably  be  non-variable,  or  at  least  their  brightness  should  be  predictable 
accurately  w  ith  a  minimum  of  additional  observation  or  modeling. 

4.  They  should  be  point-like,  so  instruments  with  different  fields  of  view  will  obtain  the  same 
calibration. 

5.  They  should  be  at  well-determined,  preferably  fixed,  positions. 

6.  Although  not  essential,  it  is  useful  if  their  spectral  energy  distributions  have  a  close  similarity 
so  that  transfers  from  one  standard  to  another  will  be  comparable  without  complex  spectral 
modeling. 

Some  subsets  of  these  requirements  can  be  met  by  a  variety  of  astronomical  objects  -  e.g.,  stars, 
asteroids,  compact  nebulae.  Stars  are  the  most  satisfactory  solution  in  terms  of  meeting  all  of  them. 
Comparison  of  the  IRAS  data  with  visible  photometry  in  Waters.  Cote,  and  Aumann  (1987)  141)  shows 
that  the  optical  to  infrared  colors  are  panicularly  well  behaved  for  stars  of  spectral  types  between  AO  and 
K5.  it  is  known  from  optical  photometry  that  stars  over  this  range  of  spectral  type  tend  to  be  non¬ 
variable.  and  stellar  atmospheres  are  best  understood  over  this  range  (particularly  A  through  G  types). 
Thus,  the  most  satisfactory  standard  networks  w  ill  be  based  on  stars  of  types  between  A  and  K. 

From  the  brightness  ranges  desired  at  the  various  wavelengths  (requirement  1 ).  it  is  apparent  that 
there  is  a  more  than  adequate  number  of  satisfactory  stars  for  standard  networks  shortward  of  10  pm. 
assuming  reasonably  state-of-the-art  detection  systems.  10  and  20  pm  are  on  the  Rayleigh  Jeans  tail  of 
the  stellar  blackbodies.  so  stellar  fluxes  are  lower  than  at  the  shorter  wavelengths;  in  addition,  the 
thermal  background  degrades  detection  limits.  Thus,  the  critical  question  is  how  good  a  standard  network 
can  be  obtained  at  these  wavelengths.  This  question  has  been  addressed  by  drawing  up  a  proposed 
network  and  examining  its  characteristics. 

II.  Proposed  Standard  Star  Network 

Tnc  proposed  network  contains  48  prime  stars,  with  an  additional  18  secondary  stars  of  somewhat 
lower  quality.  The  prime  list  was  selected  according  to  the  following  criteria: 

1 .  IRAS  band  2  (2.‘i  pm)  magnitude  <  0 

2.  Sjjcctral  type  between  AO  and  K7 

3.  No  variability 

4.  No  infrared  excess. 
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The  secondin'  list  includes  siars  with 

1.  IRAS  band  2  (25  ^m)  magnitude  <  -  I 

2.  Spectral  type  between  AO  and  M5 

3.  Variability  at  V  (0.56  pm)  <  0.4  magnitudes 

4.  No  strong  infrared  excess. 

The  secondary  list  is  nearly  all  M  stars  with  small  amplitude  variability.  It  is  expected  that  the 
variations  will  be  less  in  the  infrared,  because  of  the  reduced  temperature  dependence  of  flux  on  the 
Rayleigh  Jeans  tail.  As  a  rule  of  thumb.  IR  amplitudes  may  be  about  1/3  the  visible  ones.  In  addition,  the 
M  stars  can  be  expected  to  have  larger  mass  loss  and  hence  may  have  infrared  features  due  to  dust  in 
circumstellar  shells,  and  their  photospheric  absorption  features  will  be  very  strong,  making  correction  to 
arbitrary  bands  more  difficult  than  lor  members  of  the  prime  list.  Many  of  these  questions  can  be 
removed  if  these  stars  are  observed  thoroughly  as  pan  of  setting  up  the  network.  However,  the  variability 
is  unlikely  to  be  perfectly  regular,  so  it  will  not  be  feasible  to  elevate  these  stars  to  the  status  of  prime 
standards. 

The.se  lists  arc  attached  as  Tables  la  and  lb.  The  distribution  of  the  proposed  network  on  the  sky  is 
illustrated  in  Figure  1.  Panicularly  with  the  addition  of  the  secondary  list,  this  network  is  well  distnbuted 
on  the  sky  and  it  would  provide  a  greatiy  improved  basis  for  all  photometry  at  these  wavelengths. 

in.  The  20  pm  Problem 

For  some  exper.ments.  it  is  desired  at  20  pm  to  have  calibrators  that  are  at  magnitude  -3  or 
brighter.  The  proposed  network  has  only  four  stars  this  bright,  two  from  the  prime  list  and  two  from  the 
secondary'  one.  There  arc  at  least  three  forms  of  teniary  network  that  could  be  used  to  address  this 
problem . 

Asteroids  have  the  advantage  of  smooth  spectra  that  are  relatively  easy  to  model  to  adjust  meas¬ 
urements  to  other  bands.  They  are  also  point-like.  Their  positions  are  not  fixed,  but  they  can  be  obtained 
accurately  with  sufficient  effort  -  however,  they  cannot  provide  all-sky  coverage  because  they  are 
grouped  along  the  ecliptic,  and  at  any  given  time  even  a  significant  zone  of  ecliptic  can  be  free  of  bright 
asteroids.  Moreover,  they  have  vanabiliiy  with  eanh-asteroid-sun  phase  angle  and  many  vary  with 
rotation  (hence  on  short  time  scales)  because  of  albedo  variations  over  their  surfaces. 

Compact  HIl  regions  and  planetary  nebulae  are  non-variable  and  fixed  on  the  sky.  However,  their 
spectra  are  complex  and  will  vary  strongly  from  one  to  the  other.  In  addition,  they  are  extended  at  some 
level.  Hll  regions  will  tend  to  be  distributed  only  along  the  Galactic  plane. 

Bright  infrared  stars  are  fixed  on  the  sky  and  point-like.  They  are  variable,  but  with  long  time- 
scales  (~  200  days  or  more).  Their  spectra  will  bear  some  family  resemblances  to  each  other,  but  will 
have  much  more  variety  than  is  desirable  to  trace  measurements  to  other  spectral  bands. 
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Of  these  choices,  the  mo.st  satisfactory  appears  to  be  the  bright  infrared  stars.  A  check  of  25%  of 
the  sky  shows  that  there  should  be  80  to  100  of  these  objects  bnghter  than  at  20  pm.  well  distributed 
over  the  whole  sky.  Three  steps  need  to  be  taken  to  use  these  objects  as  calibrators; 

1.  The  standard  star  network  needs  to  be  established  to  permit  accurate  measurements  of  the 
IR  Stars. 

2.  The  IR  stars  need  to  be  observed  thoroughly  over  a  variation  cycle,  so  the  changes  in 
spectral  characteristics  can  be  derived.  These  changes  should  repeat  fairly  closely  over 
future  cycles. 

3.  Close  to  the  time  the  star  is  used  as  a  calibrator  (preferably  within  one  week),  it  should  be 
compared  with  a  member  of  the  standard  network  to  establish  its  current  brightness  level. 

rV’.  Summary 

It  appears  that  a  satisfactory  calibration  strategy  can  be  based  on  networks  of  standard  stars.  For 
wavelengths  out  through  10  pm.  a  conventional  standard  star  network  can  be  established  that  has  enough 
bright  members  distributed  over  the  sky  to  meet  foreseen  requirements.  At  20  pm,  experiments  requiring 
very  bright  calibrators  will  need  *o  use  variable  stars.  Because  the  timeSw"'’;  of  variability  is  long,  an 
accurate  calibration  can  still  be  achieved  if  the  calibrator  star  is  referred  to  a  member  of  the  standard 
network  within  one  week  of  the  measurement,  and  if  the  spectral  propenies  of  the  calibrator  during  its 
vanability  cycle  have  been  determined  cither  in  advance  or  as  part  of  the  measurement  series. 


TABLE  la 

Prime  Standard  List 


B.S. 

Name 

Sooo  ^2000 

Type 

"’v 

"’25 

99 

a  Phe 

00  26  -42 

17.0  22 

18  KOIII 

i 

2.4 

-0.7 

-0.7 

165 

9  And 

00  39  4-30 

19.6  40 

51  K3II1 

3.3 

-0.1 

-0.1 

188 

pCet 

00  43  -17 

353  12 

59  KOIII 

2.0 

-0.8 

-0.8 

603 

•/  And 

02  03  +42 

53,9  47 

19  K31lb 

2,3 

-1.3 

-1 .4 

617 

a  Ari 

02  07  +23 

10,3  45 

27  K2lllb 

20 

-1.1 

-1.2 

1017 

a  Per 

3  24  +49 

19.3  41 

b1  F5lb 

1.8 

0.0 

0.0 

1393 

43  Eri 

04  24  -34 

021  01 

01  K4III 

4.0 

0.0 

-0.1 

1457 

a  Tau 

04  35  +16 

55.2  33 

30  K5III 

0.8 

-3.5 

-3.4 

1577 

1  Aur 

04  56  +33 

59.6  58 

09  K3II 

2.7 

-12 

-1.2 

1654 

f  Lep 

05  05  -22 

27.6  16 

22  K51II 

3.2 

-0,7 

-0.9 

1708 

a  Aur 

OS  16  +45 

413  53 

59  G5III 

0.1 

-23 

-2.3 

2326 

o  Car 

06  23  -52 

57.2  44 

41  Foil 

-0.7 

-1.8 

I 

-1.8 

2491 

a  CMa 

06  45  -16 

03.9  58 

42  A1  V 

-1.5 

-1.7 

-1.7 

2553 

T  Pup 

06  49  -50 

56.1  53 

36  K1  lil 

2  9 

-0.2 

-0.2 

2773 

n  Pup 

07  17  -37 

08.5  51 

05  K3lb 

2.7 

-1.6 

-1.7 

2878 

o  Pup 

07  29  -13 

13.8  05 

18  KSlil 

3.2 

-0.9 

-1.0 

2943 

aCMi 

07  39  +05 

18  1  30 

13  F51V 

0.4 

-1.1 

-1.1 

2990 

P  Gem 

07  45  +28 

18.9  34 

01  KOIIIb 

1.1 

-1.6 

-1.6 

3275  1 

1 

31  Lyn 

08  22  +43 

501  17 

11  K4I1I 

4.2 

0.0 

0.0 

3307 

e  Car 

08  22  -59 

30  8  34 

30  K3III 

1.D 

-2.3 

-2,4 

3705 

u  Lyn 

09  21  +34 

032  33 

23  K7III 

3.1 

-1.2 

-1.2 

3748 

a  Hya 

09  27  -08 

35.2  31 

39  K3  II 

2.0 

-1.8 

-1.7 

4094 

M  Hya 

10  26  -16 
0-5.4  37 

50  K4III 

3.6 

-0.1 

-0.1 

4232 

V  Hya 

10  49  -16 

37.4  37 

11  K2III 

3,1 

-0.2 

-0.2 
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TABLE  la  (Continued) 
Prime  Standard  List 


B.S. 

Name 

“2000 

^2000 

Type 

niy 

m^ 

4301 

aUMa 

1  1 

03 

+61 

45 

KO  III 

1.8 

-1 .2 

-1.2 

43.6 

03 

4335 

V  UMa 

1 1 

09 

+44 

29 

K1  III 

3.0 

-0.1 

-0.1 

39.7 

54 

4630 

eCru 

12 

10 

-22 

37 

K2  III 

3.0 

-0.4 

-0.4 

07.4 

11 

5288 

0  Cen 

14 

06 

-36 

22 

KO  III 

2.1 

-0.7 

-0.7 

408 

12 

5340 

a  Boo 

14 

15 

+  19 

10 

K1  III 

00 

39.6 

57 

5459 

a  Cen' 

14 

39 

-60 

50 

G2  V/K1 

00 

36.2 

07 

V 

5563 

pUMa 

14 

50 

+74 

09 

K4  III 

2.1 

-1 .9 

-1 .9 

42.2 

20 

5705 

(p'  Lup 

15 

21 

-36 

15 

K5  III 

3.6 

48.3 

41 

5854 

a  Ser 

15 

44 

+06 

25 

K2  III 

26 

-0.4 

-0.4 

16.0 

32 

6217 

a  TrA 

16 

48 

-69 

01 

K2  lib 

19 

-1.7 

-1.7 

39.9 

40 

6229 

T]  Ara 

16 

49 

-59 

02 

K5  III 

3.8 

-0.6 

47.0 

29 

1 

6241 

C  See 

16 

50 

-34 

4  t 

1  / 

K2  III 

2.3 

-0.6 

-0.7 

09.7 

36 

6285 

i  Ara 

16 

58 

-55 

59 

K3  III 

3  1 

-1.1 

-1.1 

37.1 

24 

6418 

n  Her 

17 

15 

+36 

48 

K3  II 

3.2 

-0.5 

-0.6 

02.7 

33 

6461 

P  Ara 

17 

25 

-55 

31 

K3  lb 

2.0 

-0.8 

17.9 

47 

1 

6603 

P  Oph 

17 

43 

+04 

34 

K2  III 

28 

-0.3 

-03 

28.3 

02 

6859 

d  Sgr 

18 

20 

-29 

49 

K3  III 

2.7 

-0.8 

-0.9 

59.6 

41 

6913 

ASgr 

18 

27 

-25 

25 

K1  III 

28 

-0.1 

-0,1 

58.1 

18 

i 

7417 

P'  Cyg 

19 

30 

+27 

57 

K3  II 

3  1 

-0.3 

-0.4 

43.2 

35 

7525 

yAql 

19 

46 

+  10 

36 

K3  II 

2  7 

-1.1 

-1.2 

1 

1 

15  5 

48 

i 

7557 

a  Aql 

19 

50 

+08 

52 

> 

< 

08 

-0.1 

-0.2 

46.9 

06 

1 

7949 

f  Cyg 

20 

46 

+33 

58 

KO  III 

2.5 

-0.4 

-0.4 

12.6 

13 

8079 

^Cyg 

21 

04 

+43 

55 

K4  lb 

3.7 

55.8 

40 

8502 

a  Tuc 

22 

18 

-60 

15 

K3  III 

29 

-0.8 

-0.8 

30.1 

35 
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TAQLE 1b 

Secoiidary  Standard  List 


B.S. 

Name 

“2000 

^2000 

Type 

I 

"’25 

337 

p  And 

01 

09 

+35 

37 

MO  111 

2.1 

-2.5 

-2.5 

43.9 

14 

555 

VPhe^ 

01 

53 

-46 

18 

M4  III 

4.4 

-1.2 

-1.3 

38.7 

10 

911 

a  Cet^ 

03 

02 

+04 

05 

M1.5  III 

2.5 

-2.3 

-23 

16.7 

23 

1208 

yHyi 

03 

47 

-74 

14 

M2  III 

32 

-1.5 

-1.5 

14  5 

21 

2286 

M  Gem^ 

06 

22 

+22 

30 

M3  III 

2.9 

-2.6 

-2,6 

576 

49 

4069 

M  UMa 

10 

22 

+41 

29 

MO  III 

3.0 

19.7 

56 

4763 

vCru 

12 

31 

-57 

06 

M3.5 

16 

-3.7 

-3.8 

19  7 

47 

4910 

d  Vir 

12 

55 

+03 

23 

M3  111 

-1.9 

-1.9 

36.1 

51 

5603 

0  Lib^ 

15 

04 

-25 

16 

M3  III 

-2.1 

-2,0 

04,1 

55 

6056 

d  Oph 

16 

14 

-03 

41 

MO  III 

-1.8 

-1.8 

20.6 

40 

6020 

()'  Aps® 

16 

20 

-78 

41 

M5  111 

-1.3 

-1.4 

20.7 

45 

1 

6705 

7Dra^ 

17 

56 

+51 

29 

K5  111 

2.2 

-1  8  ^ 

-1.9 

1 

36  3 

20 

6832 

TlSflr^ 

18 

17 

-36 

45 

M3.5  III 

3.1 

-2  2 

-2.2 

1 

37.5 

42 

i 

i 

1 

7536 

c/> 

iy 

47 

+  18 

32 

M2  II 

38 

-1.4 

-1,4 

23.2 

03 

7650 

62Sgr’° 

20 

02 

-27 

42 

M4  III 

4.6 

-1.3 

-1.5 

39.4 

36  i 

8636 

PGrij’^ 

22 

42 

-46 

53 

M5  III 

2.1 

-3.8 

-3.9 

j 

40.0 

05 

86S8 

XAqr’^ 

22 

52 

-07 

34 

M2  III 

3.7 

36  8 

47 

8775 

P  Peg’^ 

23 

03 

+20 

04 

M2.5  II 

2  4 

46.4 

56 

()6 


NOTES  TO  TABLE  1 


1  a  Cen  is  a 

2AV- 

0.20 

3AV  = 

0.06 

4aV  = 

0,26 

5AV- 

0.16 

6AV  = 

0.21 

7aV  = 

0.08 

BAV- 

0.04 

9AV- 

0.09 

10AV  = 

0.16 

11AV- 

0.30 

12AV  = 

0.10 

13AV  - 

0.43 

double  with  separation  21";  both  components  contribute  to  IR  flux, 

mag 

mag 

mag 

mag 

mag 

mag 

mag 

mag 

mag 

mag 

mag 

mag 
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APPENDIX  B 

INFORMATION  FOR  INDIVIDUAL  STARS 
IN  ALPHABETIC  ORDER 
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CO  Absorption  for  Stars  Without  Published  Spectra 

Generalized  CO  profile  obtained  by  averaging  the  normalized  absorption  depth  as  a  function  of 
wavelength  for  a  Tau,  p  Peg,  and  P  And: 


Xtpm) 

Profile  (X) 

X(pin) 

Profile  (X) 

3.90 

-0.01  ±0.01 

6.4 

-0.4!  ±0.14 

4.0 

-0.04  ±0.02 

6.5 

-0.37  ±0.13 

4.1 

-0.21  ±0.05 

6.6 

-0.34  ±0.13 

4.2 

-0  38+0.1 

6.7 

-0.30  ±0.12 

4.3 

-0.70  ±0.07 

6.8 

-0.27  ±0.11 

4.4 

-0.91  ±0.08 

6.9 

-0.24  ±0.10 

4.5 

-1.02  ±0.04 

7.0 

-0.22  ±0.09 

4.6 

-1.05  ±0.03 

7.1 

-0.1 8  ±0.09 

4.7 

-1.02  ±0.05 

7.2 

-0.1910.08 

4.8 

-1.00  ±0.02 

7.3 

-0.1 3  ±0.07 

4.9 

-1.00  ±0.02 

7.4 

-0.11  ±0.07 

5.0 

-1.0!  ±0.02 

7.5 

-0.09  ±0.06 

5.1 

-0  99  ±0.02 

7.6 

-0.07  ±0.06 

5.: 

-0.96  ±0.02 

7.7 

-0.06  ±0.05 

5.3 

-0.90  ±0.04 

7.8 

-0.06  ±0.05 

5.4 

-0.85  ±0.07 

8.0 

-0.05  ±0.05 

5.5 

-0.81  ±0,09 

8.2 

-0.04  ±0.04 

5.6 

-0.77  ±0.06 

8.4 

-0.03  ±0,03 

5.7 

-0.74  ±0.06 

8.6 

-0.03  ±0.03 

5.8 

-0  70  ±0.07 

8.8 

-0,02  ±0.02 

5.9 

-0.65  ±0.09 

9.0 

-0.02  ±0.02 

6.0 

-0..59  ±0.11 

9.2 

-0.01  ±0.01 

6.1 

-0.55  ±0.13 

94 

0.0 

6.2 

-0  49  ±0.13 

9.6 

6.3 

-0.45  ±0.13 

9.8 

This  profile  is  normalized  so  that  the  depth  is  1  at  4.85  pm  To  use,  one  needs  the  characteristic  absorption  depth 
for  stars  of  the  type  of  interest.  Then  create  a  new  spectrum; 

0  (k)=II+A  PKOf-(A)}  Q 

ni  old 
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CO  Absorption  for  Stars  Without  Published  Specra 


CO  profile  at  2.5  |jun  obtained  by  averaging  the  normalized  absorption  depth  as  a  function  of  wavelength 
fora  Tau,  p  Peg,  and  a  Boo  (See  Figure  B-1): 


Profile  (X) 

X(pm) 

Profile  (X) 

2.24 

-0.04  ±0.03 

2.74 

0.45  ±0.18 

2.26 

2.78 

-0.38  ±0.20 

2.28 

-0.11  ±0.08 

2.82 

-0.32  ±0.20 

2.30 

-0.33  ±0.02 

2.86 

-0.28  ±0.20 

2.32 

-0.48  ±0.04 

2.90 

-0.24  ±0.19 

2.34 

-0.61  ±0.04 

2.94 

0.19±0.14 

2.36 

-0.71  ±0.04 

2.98 

-0.15  ±0.15 

2.38 

-0.75  ±0.04 

3.02 

-0.13  ±0.13 

2.40 

-0.78  ±0.03 

3.06 

-0.12  ±0.12 

2.42 

-0,80  ±0.02 

3.10 

-0.11  ±0.1 1 

2.44 

-0  79  ±0.02 

3.14 

-0.10±0.10 

2.46 

-0.79  ±0.01 

3.18 

-0.10±0.10 

2.48 

-0  78  ±0.01 

3.22 

-0.09  ±0.09 

2.50 

-0  77  ±0.03 

3.26 

-0.07  ±0.07 

2.52 

-0  76  ±0.05 

3.30 

-0.06  ±0.06 

2.54 

-0,74  ±0.05 

3.34 

-0.05  ±0.05 

2.56 

-0,70+0.07 

3.38 

-0.06  +0.05 

2.58 

-0.67  ±0.07 

3.42 

-0.04  ±0.05 

2.60 

-0.65  ±0.10 

3.46 

-0.04  ±0.04 

2.62 

-0.62  K-  1 1 

3..50 

-0.02  ±0.02 

2.64 

-0,59+0.13 

3.54 

-0.02  ±0.02 

2.66 

-0.57  ±0.14 

3.58 

-0.01  ±0.01 

2.68 

-0.55  ±0.12 

2.70 

-0.52  ±0.15 

This  profile  is  normalized  to  correspond  to  the  depth  at  2..‘i  pm  when  the  depth  at  4.85  pm  is  1 .  To  use.  one  needs  the 
characteristic  absorption  depth  for  stars  of  the  type  of  interest. 
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4 


6 

WAVELENGTH  (pm) 


8 


Figure  b-I .  A\  eiaf>e  CO  ahsorprion  profile. 


12 


Data,  Fit,  and  Residuals  for  a  Ari 


Wavelength 

(pm) 

Data 
.  lO  *"* 

Wcm'^  p'' 

Fit 

10-'^ 

Wcm'^  p  ' 

Residuals 

(%) 

2.20 

7.65  ±3.5% 

7.486 

+2.2 

2.22 

7.1513.4% 

7.255 

-1.4 

3.54 

1.333  ±3.9% 

1.363 

-2.2 

3.76 

1.0613.9% 

1.090 

-2.8 

10.6 

0.0198  ±6% 

0.02004 

-1.2 

10.6 

0.0202  ±9% 

0.02004 

+0.8 

11.34 

0.015519% 

0.01535 

+  1.0 

21.0 

0.00137110% 

0.00132 

+3.8 

X'  =  1 .6,  reduced  x^,  =  0.23 

Apparent  1  a  random  error  =  2,2% 

CO  band  at  4.7  and  2..*i  pm 
Average  profile  scaled  by  =  0.16 


7.3 


Beta  Andromedae  (Mirach) 
Spectral  Type:  MO  III 
T  3730  K 


(t)a)= 


4.395  xlO'^' 


exp 


5.226 


2.(1  + 21.30 


-1 


Data,  Fit,  and  Residuals  for  a  Ari 


Wavelength 

(pm) 

Data 

Wcm'^  p‘* 

Fit 

10*'* 

Wcm'^  p  ' 

Residuals 

(%) 

2.20 

23.4  ±3.6% 

23.16 

+1.0 

2.22 

21.9  ±3.4% 

22.46 

-2.5 

3.54 

4.38  ±3.9% 

4.351 

+0.7 

3.76 

3.49  ±3.9% 

3.489 

0.0 

10.6 

0.0657  ±4.0% 

0.06607 

-0.6 

10.6 

0.0672  ±7% 

0.06607 

+  1.7 

1 1 ,34 

0.0513  ±8% 

0.05066 

+1.3 

'21.0 

0.00444  ±10% 

0.004393 

+  1.1 

X-  =  0.77. 

reduced  x  ^  =  0. 1 1 

Apparent  lo  random  error  =  1.3% 

CO  band  at  4.7  and  2.5  pm 
Strecker  et  al.  [35] 
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Discrete  Tabulation  of  CO  Bands  for  Use  in  Integration  Over  Bands 


Beta  and  CO  band  absorption  at  2.5  )ini 


Mum) 

1  -  CO 

1  (pm) 

l-CO 

2.26 

1.00 

2.74 

0  .886 

2.28 

0.472 

2.78 

■  0.900 

2..^U 

0.422 

2.82 

0.412 

2.22 

0  84.2 

2.86 

0.929 

2..M 

0  861 

2.40 

0.442 

2..^6 

0.8.28 

2.44 

0.957 

2. .28 

0.82.2 

2.98 

0.968 

2.40 

0.818 

2.02 

0.977 

2.42 

0  818 

2.06 

0.984 

2..W 

0.81  1 

2.10 

0.989 

2.46 

0  815 

.2.14 

0.942 

2.48 

0.814 

2.18 

0.942 

2..5U 

0822 

2.22 

0.484 

2. .52 

0  824 

2.26 

0.997 

2.54 

0.822 

2. 20 

0.948 

2.56 

0.824 

2.. 24 

0.998 

2.58 

0  842 

2.28 

1.00 

2.60 

0.844 

2.42 

2.62 

0  848 

2.46 

2.64 

0  855 

2. ,50 

2.66 

0.861 

2.66 

2.68 

0.867 

2.70 

2.70 

0.872 

2.74 

2.78 

Beta  and  CO  hand  absorption  at  5  |ini 

2.40 

0.440 

6,4 

0.85  1 

4.0 

0.485 

6.5 

0.865 

4.1 

0.446 

6.6 

0.872 

4.2 

0.864 

6.7 

0.886 

4.2 

0.845 

6.8 

0.897 

4.4 

0.810 

6.4 

0.407 

4.5 

0.772 

7.0 

0.918 

4.6 

0.721 

7.1 

0.929 

4.7 

0.722 

7.2 

0.927 

4.x 

0.727 

7,2 

0.947 

4.4 

0.7.24 

7,4 

0.952 

5.0 

0.722 

7.5 

0.962 

5,1 

0.7.24 

7.6 

0.967 

5.2 

(t.742 

7.7 

0.472 

5.2 

0.754 

7.8 

0.976 

5.4 

0,7.56 

7,9 

0.982 

5.5 

0.762 

8.0 

0.986 

5,6 

0.780 

8.2 

0.986 

5.7 

0.740 

8.2 

0.990 

5.8 

0.748 

8.4 

0.990 

5.4 

0.806 

8.6 

0.942 

6.0 

0.815 

8.8 

0.945 

6.1 

0.820 

4.0 

0.446 

6.2 

0.824 

9.2 

0.498 

6.2 

0.842 

4.6 

1.00 

See  Figure  B-2. 
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TRANSMISSION 


WAVELENGTH  (^m) 


Figure  B-2.  Beta  And  CO  hands  at  2.5  and  5fini:  (a)  Stiecker  el  al.  data  and  (h)  same  data 
v.'ilh  projection  beyond  5.5pm  superimposed. 
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Gamma  Aquilae  (Tarazed) 

Spectral  Type:  K3  II 

T  4100  K 
tJJ 


1.178x10-” 

1 

> 

exp 

1 

l-il 

[  X(l  + 19.38  /  J  ) 

Data,  Fit,  and  Residuals  for  y  Aql 

Wavelength 

Data 

Fit 

Residu; 

(pm) 

lO” 

Wcm  ^  m  ' 

lO” 

Wcm’^  m  ' 

(^) 

2.20 

7.31  ±3.5<7f 

7.224 

+  1.2 

2.22 

6.84  +3.4% 

7.003 

-2.3 

2..S4 

1  33+4% 

1.323 

+0.5 

5.76 

1.06+4  4% 

1 .059 

+0.1 

10.6 

0.0195  +4% 

0.01958 

-04 

10.6 

0.0199+7':; 

0.01958 

+  1.6 

\\M 

0.0152+8% 

0.01500 

+  1.3 

21.0  0.001.56  ±  1  Off 

X*  =  0.93.  reduced  x‘.  -  0  1 3 

Apparent  lO  random  error  =  2. Iff 

0.001295 

+5 

CO  band  at  4.7  and  2.5  nm 
Average  profile  scaled  b\  A  0. 18 
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Alpha  Aurigae  (Capella) 
Spectral  Type:  G8  III 
4600  K 


3.016x10"’' 


J  (  4.238 


Data,  Fit,  and  Residuals  for  a  Aur 


Wavelength 

(pm) 

Data 

Wcm'*  M*' 

Fit 

lO’* 

Wcm‘*  p'‘ 

2.20 

22.0  ±3.55t 

22.06 

2.22 

20.6  ±3.555^ 

21.37 

3.54 

3.86  ±3.7<;^ 

3.929 

3.76 

3.08  ±3.7'X^ 

3.136 

10.6 

0.0573  ±3.47< 

0.05656 

10.6 

0.0585  tl'H 

0.05656 

1)..34 

0.0447  ±m 

0.04330 

21.0 

0.00383110'^ 

0.003723 

Residuals 

(%) 


-0.3 

-3.6 

-1.8 

-1.8 

+1.3 

+3.4 

+3.2 

+2.9 


5^'  =  2.2.  reduced  X’y  "  0-31 
Apparent  10  random  error  =  2.5*^ 
CO  band  at  4.7  and  2.5  pm 
Average  profile  scaled  by  =  0.08 
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Alpha  Bootis  (Arcturus) 
Spectral  Type:  K2  III 
4200  K 


^ _ 1.038  xlO->0 _ 

Data,  Fit,  and  Residuals  for  a  Boo 
Wavelength  Data  Fit  Residuals 


(pm) 

lO*'* 

10*^ 

(%) 

Wcm'^  p*' 

Wcm'^  p  ‘ 

2.20 

67.70  ±3.2^f 

66.1 

+2.4 

2.22 

63.3  ±3.2% 

64.0 

-1.1 

3.54 

11.80  ±3.5% 

12.03 

-1.9 

3.76 

9.41  ±3.5% 

9.62 

-2.2 

10.6 

0.1801  ±3.5% 

0.1769 

+1.8 

10.6 

0.184  ±7% 

0.1769 

+4 

1 1..34 

0.1406  ±8% 

0.1355 

+3.8 

21.0 

0.01 154  ±10% 

0.01169 

-1.3 

r=2.2. 

reduced  =0.3 1 

Apparent  lO  random  error  =  2.59f 

CO  band  at  4.7  pm 

Average  profile  scaled  by  =  0.16 

CO  band  at  2.5  pm 

Strecker  et  al.  [35) 
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Discrete  Tabulation  of  CO  Bands  for  Use  Integration  Over  Bands 


Alpha  Boo  CO  band  absorption  at  2.5  pm 


1  (pm) 

1-CO 

l(pm) 

2.22 

1.00 

2.70 

2.24 

1.00 

2.74 

2.26 

0.995 

2.78 

2.28 

0.969 

2.82 

2.30 

0.943 

2.86 

2.32 

0  911 

2.90 

2.34 

0.883 

2.94 

2.3'^ 

0.867 

2.98 

2.3l 

0.857 

3.02 

2.40 

0.851 

3.06 

2.42 

0.847 

3.10 

2.44 

0.848 

3.14 

2.46 

0.850 

3  18 

2.48 

0.853 

3.22 

2.50 

0.8.56 

3.26 

2.52 

0.864 

3.30 

2.54 

0.868 

3.34 

2..56 

0.876 

3.38 

2.58 

0.882 

3.42 

2.60 

0  89(1 

3.46 

2.62 

0.895 

3.5 

2.64 

0.902 

3.54 

2.66 

0.908 

3.58 

)  band  absoqiliuii  at  5  pivi 

3.9(1 

0.998 

6.4 

4.0 

0.994 

6.5 

4.1 

0.966 

6.6 

4.2 

0.939 

6.7 

4. .3 

0.888 

6,8 

4.4 

0.854 

6.9 

4.5 

0.837 

7.0 

4.6 

0832 

7.1 

4,7 

0,8.37 

7.2 

4,8 

0840 

7.3 

4.9 

0.840 

7.4 

5.0 

0.838 

7.5 

5.1 

0.842 

7.6 

5.2 

0.846 

7.7 

5.3 

0.856 

7.8 

5.4 

0.864 

8.0 

5.5 

0.870 

8.2 

5.6 

0.877 

8.4 

5.7 

0.882 

8.6 

5.8 

0.888 

8  8 

5.9 

0.896 

9.0 

6.0 

0.90() 

9.2 

6  1 

0  912 

9.4 

6.2 

0.922 

9.6 

6.3 

0928 

9.8 

1-CO 

0.920 
0.938 
0.951 
0.967 
0.976 
0.980 
0.988 
0.999 
0.998 
0.994 
0.997 
C.997 
0.994 
0.994 
0997 
1.00 
0.996 
0  999 
1.00 


0.934 
0.941 
0.946 
0  9.S2 
0.9.57 
0962 
0.965 
0.971 
0.970 
0.979 
0.982 
0.986 
0.989 
0.990 
0.990 
0.992 
0.994 
0.995 
0.995 
0997 
0.99' 
0998 
1.00 
1.00 
l.(KI 


See  Figure  B-3. 
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B 


WAV61 ENGTH  ( (jm) 

I'lUmc  B-}  Alpha  Baa  CO  hands  (a  I  Sirecker  el  al  data  and  (h)  exieusion  of  data  for  a  Boo 
usiny,  the  aveiayc  CO  piofilc  sc  aled  to  a  depth  of  Ih’/c  nt 


Alpha  Canis  Majoris  (Sirius) 

Spectral  Type:  A1  V 

T  9330  K 
*Jf 

t:  6104  K 

,  1.366x10-" 

/  _ 3.19 _ "j 


Data,  Fit,  and  Residuals  for  a  CMa 


Wavelength 

(pm) 

Data 

lO" 

W'em'^  p  ' 

Fit 

lO" 

Wtni’^  p’’ 

Residuals 

(«) 

1.60 

4.S.7  +.4.5*7, 

46.55 

-1.8 

2.20 

15.2  iS.O*}, 

14.92 

+  1.9 

->  ti 

14.2  +.4.4';, 

14.44 

-1.7 

2.47  +.4.6*'/( 

2.516 

-1.8 

.4.76 

1 .967  ±3.6*7, 

1.998 

-1.6 

4.80 

0.775  ±5.2*',; 

0.7782 

-0.4 

10.6 

0.0.449  ±3.7% 

0.034.4 1 

+  17 

10.6 

0.0357  ±7*7, 

0.0343 1 

+4 

1  I..44 

0.0273  ±8*7, 

0.02623 

+4.1 

21.0 

0.00226+10*7, 

0.0022.48 

+  1.0 

X*  =  2. 1 ,  reduced  X  =  0.26 
Appareni  lo  random  error  =  2.3*7, 
No  C'O  band*, 


k: 


Alpha  Cants  Minoris  (Procynn) 
Spectral  Type:  F5  IV 
r ^  6700  k 

t:4869K 


9.61 1  X  10-'2 


exp 


f  4 

i,X(l  +  16.32/A.)°'®2 


-1 


Data,  Fit,  and  Residuals  for  a  CMi 


Wavelength 

(pm) 

Data 

lO*'* 

Wcm'^  p  ' 

Fit 

io‘^ 

W'cm'^  p’’ 

Residuals 

(%) 

1,60 

22.7  ±3.6% 

22.83 

-0,6 

2  20 

7.85  ±3.6% 

7.647 

+2.7 

2.22 

7.34  ±3.4% 

7.406 

-0.9 

.V54 

1.286  ±3.6% 

1 .345 

-4.4 

.r76 

1.026  ±.3.9% 

1.072 

-4.3 

4  8(1 

(1 420  ±5,4% 

0.42.34 

-0.8 

106 

0.0195  ±3.9% 

0.01913 

+  1.9 

106 

0.0199  ±7% 

0.01913 

+4.0 

11, .74 

0.0152  ±8% 

0.01464 

+3.8 

21  0 

0.0127  ±10% 

0.00125 

+  1.1 

X*  =  4,2.  reduced  x^,  =  0.52 
Apparent  lo  random  error  =  2.9% 
No  CO  bands 


Alpha  Carinae  (Canopus) 
Spectral  Type:  FO  I 
T^j^:  7500  K 
t:  4766  K 


<|>(X)  = 


1.857x10-’' 

4.09 

A.(l  + 16.67 


-1 


Data,  Fit,  and  Residuals  for  a  Car 


Wavelength  Data 

(pm)  lO'^ 

Wcm'^  p'* 


1.60 

42.0±3.67c 

2.20 

14.6±3.6‘7< 

2.22 

13.7±3.69( 

.^.54 

2  44  ±3.9';( 

3.76 

1.9.S±3.9'4 

4.80 

0.799  ±5.4<:; 

10.6 

0.0371  ±3.8C; 

10.6 

0.0379  ±19, 

11.34 

0.0290  ±$9, 

21.0 

0.00240x1  O'* 

X'  =  ?>.  reduced  x\.  -  0-38 
Apparent  10  random  error  =  S'/i 
No  CO  bands 


Fit  Residuals 


I0‘< 

l») 

Wcm'^  p  ' 

42.54 

-1.3 

14.32 

+2-0 

13.87 

-1.2 

2.530 

-3.6 

2.018 

-3.4 

0.7979 

+0.1 

0.03614 

+2.7 

0.03614 

+4.9 

0.02766 

+4.8 

0.002375 

+  1.1 
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Alpha  Centauri  A  (Rigel  Kent) 
Spectral  Type:  G2  V 
r 5870  K 


1.577  x10'" 


exp 


3.321 


X(1  +  13.54/X)0'8- 


\  \ 

1 


Data,  Fit,  and  Residuals  for  a  Cen  A 


Wavelength 

(pm) 

Data 

lo" 

Wem"^  p  ‘ 

Fit 

10" 

Wem'^  p  * 

Residuals 

(») 

1.60 

47.8  ±45i 

50.62 

-5.5 

2.20 

17.06  ±3.8‘/7 

16.34 

■r4.4 

2.22 

15  .9.«  ±3.6% 

15.81 

+0.9 

3.54 

2.78  ±3.9% 

2.773 

40.3 

3.76 

2.22  ±3.9% 

2.203 

40.8 

4.80 

0.871  ±5.3% 

0.860 

41.3 

10.6 

0.0398  ±4% 

0.03806 

44.6 

10,6 

0.0407  ±7% 

0,03806 

46.9 

11. .34 

0.031 1  ±% 

0.02910 

469 

21.0 

0.00244  ±10% 

0.000248 

-1.6 

X'  =  6-5,  reduced  X,  =  0.72 
Apparent  lO  random  error  =  4.  \^/< 
!»i  CO  band\ 


8.5 


Alpha  Centaur!  B 

Spectral  Type:  K1  V 

r  „:5060K 
*JT 


8.194x10-'- 


exp 


3.853 


X(l  +  15.70/X)®'*- 


-I 


y 


Data,  Fit,  and  Residuals  for  a  Cen  B 


Wavelength  Data 

(Hm)  10'*'* 

Wcm*^  p"' 


1.60 

20.7  ±A9, 

2.20 

7.38±3.8‘7f 

2.22 

6.90 

3.54 

1.204  ±3.99-^ 

3.76 

0.960  ±3.99f 

4.80 

0.370  ±5'7< 

10.6 

0.0171  ±49f 

10.6 

0.0175  ±791 

11.34 

0.0134  ±89; 

21.0 

0.00105  ±I09{ 

Fit 

Residuals 

!0'^ 

(«) 

Wcm'^  p'' 

20.76 

-0.3 

6.894 

+7.0 

6.675 

+3.4 

1.203 

+0.1 

0.9584 

+0.2 

0.3774 

-2.0 

0.01697 

+0.8 

0.01697 

+3.1 

0.01299 

+3.2 

0.001113 

-5.7 

=  5.2.  reduced  =  0.58 
Appareni  lO  random  error  =  3.4‘7t 
No  CO  bands 
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2  Centauri 

Spectral  Type:  M4in 
r^:  3310  K 


0(X)  =  - 


4.466xl0-'i _ 

(  5.890  ^  ^ 


Data,  Fit,  and  Residuals  for  2  Cen 


Wavelength 

(pm) 

Data 

io‘^ 

Wem'^  p  ' 

Fi; 

10*^ 

Wem^  p ‘ 

Residuals 

(») 

2  20 

19.7  ±.2.6C< 

1924 

+2  4 

2  ’’’’ 

18.4±.2.4<7r 

18.68 

-1.5 

.l.M 

.2.66  +..2.6‘7< 

3.748 

-2.3 

.V76 

2  92  +1.7''/; 

3.016 

-3.2 

10.6 

0.0629  ±5. .2'/, 

0.05904 

+6.6 

10.6 

0.0642  ±8';; 

0.05904 

+8.7 

1  1..^4 

0.0495  IVfi 

0.04532 

+9.2 

21.0 

0.00.298  ±IO'/i 

0.003954 

+0,7 

y'  =  5.6.  reduced  =  0.80 

Apparent  lo  random  error  =  5..V/r 

CO  bands  at  4  7  and  2.5  pm 
Average  profile  scaled  by  =  0..^2 
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Muu  Cephi  (Erakis) 

Spectral  Type:  M2  I 

Variable  with  Circumstellar  Dust 


Below  4.5  pm. 


<>{>.)-■ 


1.53x10 


-10 


exp 


9.75 


X(1  +  39.7/X)0’®2 


-1 


4.5-  to  14-pm  portion  of  Muu  Cephi  specDum 


X 

Lo*(9) 

X 

Log«)) 

X 

Log(4i) 

4,fi 

-13.729 

69 

-14.231 

9.3 

-14.252 

4.6 

-13.777 

7.0 

-14.273 

9.4 

-14.251 

4.7 

-13.762 

7  1 

-14  304 

9.5 

-14.239 

4.8 

-13.791 

7.2 

-14.323 

9.6 

-14.242 

4.9 

-13.802 

7.3 

-14.365 

9.7 

-14.246 

5.0 

-13.813 

7.4 

-14.371 

5.1 

-13.870 

7.5 

-14.392 

10.00 

-14.225 

5.2 

-13.854 

7,6 

-14.413 

10.25 

-14.246 

5.3 

-13.863 

7.7 

-14.412 

10.50 

-14.291 

5.4 

-13.871 

7.8 

-14.441 

10.75 

-14.351 

5.5 

-13.879 

7.9 

-14  447 

11.00 

-14.400 

5.6 

-13.91 1 

8.0 

-14.457 

11.25 

-14.456 

5.7 

-13.9.30 

8.1 

-14.461 

11.50 

-14.513 

5-8 

-13.938 

8.2 

-14.463 

1 '  .75 

-14..583 

5.9 

-13.957 

8.3 

-14.444 

12.00 

-14.629 

60 

-13.987 

84 

-14.450 

12.25 

-14.691 

6.1 

-14.021 

8,5 

-14.436 

12.50 

-  14.751 

6,2 

-14.016 

8.6 

-14.436 

12.75 

-14.809 

6  3 

-14.059 

8  7 

-14.4.30 

i3.rio 

-14.843 

64 

-14.090 

8.8 

-14.437 

13.25 

-14.873 

6,5 

-14.120 

8.9 

-  14.366 

13.50 

-14.902 

66 

-14.151 

9.0 

-14.3.30 

13.75 

-14.940 

6.7 

-14.170 

9.1 

-14.290 

14.00 

-14.959 

6,8 

-14.213 

9.2 

-14.247 

4  =0.4 

16-  to  32-|iiTi  portion  of  Muu  Cephi  spectrum 


21.50 

-15,418 

27.25 

-15.824 

16.00 

-15.144 

2 1 .75 

-15.436 

27,50 

-15.838 

16.25 

-:5.I27 

22.00 

-15  455 

27.75 

-15.857 

16.50 

-15,126 

22.25 

-15,475 

28  00 

-15.876 

1675 

-15,126 

22.50 

-15.495 

28.25 

-15.896 

17.00 

-1..  126 

22.75 

-15,519 

28.50 

-15.915 

17.25 

-15.127 

2.3.00 

-15.542 

28,75 

-15.929 

17.50 

-15.142 

23.25 

-15,557 

29.00 

-15.943 

17.75 

-15.138 

23.50 

-15.571 

29.25 

-15.961 

)8.(X) 

-15.142 

23.75 

-15,593 

29.50 

-15.978 

18.25 

-15.169 

24.00 

-15.615 

29.75 

-15.993 

18.50 

-15,180 

24.25 

-15.631 

30.00 

-16.008 

18.75 

-15.210 

24.50 

-i  5.647 

30.25 

-16.028 

19.(K) 

-15.218 

24.75 

-15.667 

30.50 

-16.048 

19  25 

-15  2.37 

25.00 

-15.686 

30.75 

-16.062 

19.50 

-15.2.56 

25  25 

-15.700 

31.00 

-16.077 

19.75 

-|5.j72 

25,50 

-15.714 

31.25 

-16.096 

20.00 

-15.289 

25.75 

-15.729 

31.50 

-16.115 

2025 

-15.311 

26.00 

-15.74.3 

3!  75 

-16.134 

20.50 

-IS,.!!’ 

2625 

-15.762 

32.00 

-16.153 

2(175 

-15.352 

26.50 

-15  781 

21  (Ki 

-15.371 

26.75 

_1S  ■  IS 

21.25 

-15.394 

27.00 

1 

See  F  igure  B-4, 


8K 
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Notes 

The  4  5-  to  14-prr  portion  oi  me  spearum  is  calibrated  by  making 
comparison  observations  ol  the  moon  (Russell  et  al  142))  The 
emissivity  ol  moon  rock  has  a  complicated  wavelength  dependence 
between  about  5  and  to  pm  (Murkray  e!  ai  143J).  therefore  one  should 
be  somewhat  skeptical  of  this  pan  of  the  above  m  Cep  spectrum 

The  2  2-  to  4  S-pm  portion  was  estimated  by  fitting  the  two-parameter 
spectral  tunction  derived  m  this  work  (with  a  »  2{X)0  to  the  2-  to  4- 
pm  work  ol  Russell  et  al  )  If  one  wishes  to  minimize  the  use  ol  ttie 
lunar  calibrated  part  ot  the  spectrum,  one  can  use  the  fitted  curve  out 
to  7.5  pm  or  so 

The  16-  to  32-pm  portion  is  taken  from  Forrest  et  al  (44)) 

The  normalization  ol  the  two  spectral  segments.  2  2  to  14  pm  and  16 
to  30  pm.  were  set  so  that  when  integrated  over  the  12-  and  25  pm 
IRAS  bands,  respectively  (the  shape  ol  which  is  available  m  Beichmann 
ei  al ).  and  compared  to  the  standard  stars  integrated  over  these 
bands  one  gets  the  same  relative  magnitudes  obtained  m  the  IRAS 
survey 


Figure  B-4.  Spec  n  um  of  Muu  Cephi  (Etakis).  M2-I  supeiftiani  with  i  'rcumstellar  dust 


K9 


Alpha  Cell  (Menkar) 
Spectral  Type:  M2  III 
T  „  .  3650  K 


_ 3.906  X  10~'‘ _ 

,5f  {  5.341  ^  ; 


Data,  Fit,  and  Residuals  for  a  Cet 


Wavelength 

(pm) 

Data 

10 

Wcm'^  p  ' 

Fit 

10 

Wcm'^  p'' 

Residuals 

(^(r) 

2.20 

20.07  ±4.09, 

19.86 

+0.7 

2.22 

18.74  ±3.99f 

19.27 

-2.8 

3.54 

3.63  ±4.19f 

3.755 

-3.3 

3.76 

2.90  ±4.25f 

3.013 

1 

be 

10.6 

0.0564  ±49 

0.05738 

-1.7 

10.6 

0.0576  ±79 

0.05738 

+0.4 

1 1.24 

fl.(U40  ±89 

0.04400 

0.0 

21.0 

0.00383  ±109 

0.003820 

+0.3 

y  '  =  2.2.  reduced  -  0.31 

Apparent  lo  random  error  =  2.1*^;^ 

CO  bands  at  4.7  and  2.5  (im 
Sirecker  et  al.  135] 
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Discrete  Tabulation  or  CO  Bands  for  Use  in  Integration  Over  Bands 


Alpha  Cet  CO  band  absorption  at  2.5  pm 


X  (pm) 

1  -  CO 

X  (pm) 

1-CO 

2.26 

0.988 

2.28 

0.963 

230 

0.912 

2.32 

0.876 

2.34 

0.841 

2..36 

0.798 

2.94 

0.937 

2.38 

0.796 

2.98 

0.940 

2.40 

0.799 

3.02 

0.945 

2.42 

3.06 

0  948 

2.44 

3. 1C 

0954 

2.46 

3.14 

0.954 

2.48 

3.18 

0.956 

2.50 

3.22 

0.956 

2  52 

3.26 

0.9.54 

2.54 

3..30 

0.948 

2.56 

3.34 

0.953 

2.58 

3.38 

0,959 

2.60 

3.42 

0  965 

2.62 

3.46 

0.968 

2  64 

3  .50 

0.972 

2.66 

.3  66 

0.990 

2.68 

.3.70 

0.990 

2.70 

3.74 

0.994 

3.78 

0.997 

Alpha  Cet  CO  band  absorption  at  5  pin 

3.90 

1  00 

6.4 

0.928 

4.0 

0.996 

6.5 

0.933 

4.1 

0.920 

6.6 

0.933 

4.2 

0.8.56 

6.7 

0.931 

4.3 

0.770 

6.8 

0  923 

4.4 

0.694 

6.9 

0.928 

4.5 

0686 

7.0 

0  940 

4.6 

0.695 

7.1 

0.950 

4.7 

0.712 

7.2 

0.960 

4.8 

0.722 

7.3 

0.967 

4.9 

0  756 

7.4 

0.976 

5.0 

0.757 

7.5 

0.984 

5  1 

0.767 

7.6 

0.993 

5  2 

0.770 

7.7 

1.00 

5.3 

0.783 

7.8 

1.00 

5.4 

0.790 

5.5 

0.827 

5.6 

0.849 

5.7 

0.865 

5.8 

0.875 

5.9 

0,887 

6.0 

0.897 

6.1 

0.907 

6.2 

0.914 

6.3 

0.921 

Sec  Figure  B-5. 
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4 


5 

WAVELENGTH  (um) 


6 


7 


L 


Figure  8-5  Alpha  Cell  CO  bands  (ai  Sirecker  ei  al.  data  and  (hi  same  data  with  postulated 
CA  tensirni  hesond  5 F p.m  based  on  affine  transformation  nf2.S-fim  hand. 


Gamma  Crucis 
Spectral  Type:  M3  II  -  III 
4200  K 


¥1)  = 


1.636  xlQ-’O 
5.717 

Ml  +  23.30 />.)0>82 


-1 

/ 


Data,  Fit,  and  Residuals  for  y  Cru 


Wavelength 


Data 


Fit 


Residuals 


(pm) 

10-’^ 

Wcm*^ 

lo-’^ 

Wcm‘^  p  * 

(%) 

2.20 

75.1  ±3.87c 

74.20 

+1.2 

2.22 

70.3  ±3.6% 

72.02 

-2.4 

3.54 

14.28  ±3.9% 

14.32 

-0.3 

.3.76 

11.39  ±3.9% 

11.51 

-1.0 

10.6 

0.229  ±5% 

0.22.34 

+2.5 

10.6 

0.234  ±8% 

0.2234 

+4.7 

1 1  ..34 

0.1 79  ±9% 

0.1714 

+4.4 

21.0 

0.0151  ±10% 

0.01494 

+  1.1 

X'  =  1.5.  reduced  X ^  =  0.2 1 

Apparent  lO  random  error  =  2.77c 

CO  bands  at  4.7  and  2.5  jjri 
Average  profile  scaled  by  =  0.30 
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Gamma  Draconis  (Etanin) 
Spectral  Type:  K5  111 
3800  K 


<(>(X)  = 


exp; 


2.501x10"^^ _ 

k(H- 20.91 J 


Data,  Fit,  and  Residuals  for  y  Dra 

Wavelength 

(pm) 

Data 

10*'‘ 

Wcm‘*  p*' 

Fit 

10-^^ 

Wcm'^  p‘‘ 

2.20 

14.4  ±3.6*55' 

13.58 

2.22 

13.5  ±3.4% 

13.18 

3.54 

2.55  ±3.6% 

2.539 

3.76 

2.033  ±3.7% 

2.035 

10.6 

0.0373  ±3.8% 

0.03835 

10.6 

0.0381  ±7% 

0.03835 

11.34 

0.0291  ±8% 

0.02940 

21.0 

0.00257  +10% 

0.002547 

=  4,  reduced  X^,  ~ 

Apparent 

IB  random  error  =  2.6% 

CO  bands  at  4.7  and  2.5  pm 
Average  profile  scaled  by  =  0.22 


Residuals 

(%) 


+6.2 

+2.4 

+0.4 

-0.1 

-2.7 

-0.7 

-1 

+0.9 
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Beta  Gemlnorum  (Pollux) 

Spectral  Type:  KO  III 
4400  K 

1.644x10-" 

['’‘’’l.  Ml  + 18.06  /  J 


Data,  Fit,  and  Residuals  for  ^  Gem 


Wavelength 

Data 

Fit 

Residuals 

(pm) 

lO" 

10*^ 

(%) 

Wcm'^  p‘* 

Wcm'^  p  ’ 

2.20 

11.57  ±3.59^ 

11.24 

+2.9 

2.22 

10.82  ±3.5% 

10.89 

-0.6 

3.54 

1.98  ±3.7% 

2.023 

-2,1 

3.76 

1.58  ±3.7% 

1.616 

-2.2 

10.6 

.0299  ±3% 

0.02943 

+  1.6 

10.6 

.0305  ±7% 

0.02943 

+3.6 

-  ll.,'^4 

.0233  ±8% 

0.02253 

+3.4 

21.0 

.00195  ±10% 

0.00194 

+0.5 

X'  =  2,1.  reduced  X ^  =  0  -^0 

ApparetH  lO  random  error  =  2.49c 

CO  bands  at  4.7  and  2.5  |im 
Strecker  et  al.  [351 


Discrete  Tabulation  of  CO  Bands  for  L'se  in  Integration  Over  Hands 


p  Gem  CO  band  absorption  at  2.5  nm 


X  (|im) 

I  -  CO 

X  (pm) 

1-CO 

2.22 

0.990 

2.74 

0.967 

2.26 

0.982 

2.78 

0.975 

2.28 

0.977 

2.82 

0.981 

2.30 

0.966 

2.86 

0.983 

2.32 

0.958 

2.90 

0.980 

2.34 

0.954 

2.94 

0.983 

2.36 

0.937 

2.98 

0.981 

2.38 

0.930 

3.02 

0.986 

2.40 

0.933 

3.06 

0.985 

2.42 

0.929 

3.10 

0.988 

2.44 

0.933 

3.14 

0.994 

2  46 

0.937 

3.18 

0.991 

2.48 

0.942 

3.22 

0  992 

2.50 

0.941 

3.26 

0.987 

2.52 

0.934 

3.30 

0.994 

2.54 

0938 

3.34 

0.995 

2.56 

0.945 

3.38 

0.997 

2.58 

0.948 

3.42 

0.997 

2.60 

0.95 1 

3  46 

0.995 

2.62 

0.954 

3.50 

l.(X' 

2.64 

0.956 

3.54 

0.997 

2.66 

0.957 

3.58 

1. 00 

2.68 

0  958 

3.62 

1.00 

2.70 

0.958 

3.66 

a  Gem  CO  band  absorption  at  5  pni 

3  00 

1  (K> 

6.4 

0.977 

4.0 

0.985 

6.5 

0.980 

4.1 

0.9.50 

6.6 

0.982 

4.2 

0.930 

6.7 

0.984 

4.3 

0.905 

6.8 

0.988 

4.4 

0.890 

6.9 

0.989 

4.5 

0.883 

7.0 

0.991 

4  6 

0.864 

7.1 

0.995 

4.7 

0.870 

7.2 

0.995 

4.8 

0.888 

7.3 

0.998 

4.0 

0.898 

7.4 

0.998 

5.0 

0.890 

7.5 

0.999 

5  1 

0.892 

7.6 

0.999 

5.2 

0.917 

7.7 

1  .(X) 

5.3 

0.927 

7.8 

1.00 

5.4 

0.928 

8.0 

5.5 

0945 

8.2 

5.6 

09.39 

8  4 

5  7 

0.949 

8.6 

5.8 

0.957 

8.8 

5  9 

0  963 

9.0 

6.0 

0.965 

9.2 

6.1 

0.968 

9.4 

6.2 

0.972 

9.6 

6.3 

0.974 

9.8 

See  Figure  B-6. 


TRANSMISSION 


F,f:urc  B-6.  Beta  Genurwrum  CO  hands:  (a I  Srrcckcr  cr  ai  data  and(h)  same  daw  and  extension 
based  on  afiinc  iransjur  manon  of  2-2-  region. 


Eta  Geminorum  (Propus) 
Spectral  Type:  M3  III 


T  3410  K 


3.359x10"’^ 


,5f  f  '  5-717  _ 


Data,  Fit,  and  Residuats  for  T|  Gem 


Wavelength 

(fim) 


Wcm’^  p  * 


14.3  ±6% 
13.4±5.87f 
2.97  ±4.47f 
2.37  ±4.5% 
0.0461  ±4% 
0.0471  ±7% 
0.0360  ±8% 
0.00322  ±10.5% 


Wcm’^  p  ’ 


15.23 

14.78 

2.939 

2.363 

0.04586 

0.04586 

0.03519 

0.003065 


Residuals 

(%> 


=  4.2.  reduced  X‘  =  0.59 

Apparent  I P  random  error  =  4.5% 

CO  bands  at  4.7  and  2.5  pm 
Average  profile  scaled  by  =  0.30 
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Muu  Geminorum  (Tejat  Posterior) 
Spectral  Type:  M3  III 


T  -:3410K 
tff 


(|>(X)  = 


5.217x10 


-11 


( 

(  5.717  1 

-I 

exp 

V 

Ud-f  23.30/ 

Data,  Fit,  and  Residuals  for  p  Gem 

'Wavelength 

(pm) 

Data 

lO*'* 

Fit 

lO’** 

Wem*^  p'' 

Residuals 

(%) 

Wem'^  p*’ 

2.20 

24.6  ±3.8% 

23.v'5 

+4.0 

2.22 

22.98  ±3.6% 

22.96 

+0.1 

3.54 

4.34  ±4.5% 

4.564 

-4.9 

3.76 

3.46  ±4.5% 

3.670 

-5.7 

10.6 

0.0690  ±7% 

0.07123 

-3.1 

10.6 

0.0705  ±9% 

0.07123 

-1.0 

11. .34 

0.0538  ±10% 

0.05465 

-1.6 

'21.0 

0,00496  ±10% 

0.004761 

+4.2 

yr  =  4,3,  reduced  X'.  =  0.62 

Apparent  lO  random  error  =  3.6^ 

CO  bands  at  4.7  and  2.5  pm 
Average  profile  scaled  by  A  =  0.30 


Beta  Gruis 
Spectral  Type:  M3  II 


3410  K 


<1)(K)  = 


1.756x10"’® 


X?  exp 


5.717 


X(l  + 23.30 


-1 


Data,  Fit,  and  Residuals  for  p  Gru 


Wavelength 

(pm) 

2.20 
2.22 
3.54 
3.76 
10.6 
10.6 
1 1  ..^4 
21.0 


Data 
10 


14 


Wcm'^  p  ’ 


82.6  ±3.8% 
77.2  ±3.6% 
15.34  ±3.9% 
12.24  ±3.9% 
0.234  ±4% 
0.239  ±7% 
0.0183  ±8% 
0.0162  ±10% 


Fit 

10' 


14 


Wcm’^  p"’ 


79.60 

77.26 

15.36 

12.35 

0.2400 

0.2400 

0.18.39 

0.01602 


Residuals 

(%1 


+3.8 

-0.1 

-0.1 

-0.9 

-2.5 

-0.4 

-0.5 

+1.1 


=  1.5,  reduced  X\.  ~ 

Apparent  lO  random  error  =  1.7% 

CO  bands  at  4.7  and  2.5  pm 
Average  profile  scaled  by  =  0.30 


Alpha  Herculis 
Spectral  Type:  M5 1  -  II 
T  3000  K 

Variable  with  Circumstellar  Dust 


3.097  xlO‘'0 


X5 


exp 


6.72 


X(l  +  27.4/X)®-'*“ 


-1 


Data,  Fit,  and  Residuals  for  a  Her 


Wavelength 

(pm) 

Data 

io->^ 

Wcm'^  p  * 

2.20 

I06±3.87r 

2.22 

99,4  ±3.97r 

3..54 

21.3  ±3.7% 

3.76 

17.0  ±3.7% 

10.6 

0..362  ±3.9% 

.  10.6 

0.370  ±7% 

11. .34 

0.283  ±8% 

21.0 

0.0295  ±10% 

Fit 

Residuals 

10-’^ 

(%) 

Wcm'^  p  * 

105.2 

+0.8 

102.2 

-2.7 

21.45 

-0,7 

17.34 

-2.0 

0.3542 

+2,2 

0.3542 

+4.5 

0.2723 

+3.9 

0.02395 

+23.2* 

*  a  Her  shows  excess  emission  from  circumstellar  material  in  the  vicinity  of 
20  pm.  (Do  not  use  fit  values  above  12  pm.) 

Excluding  the  21 -pm  point: 

X'  =  1 .8,  reduced  =  0-^ 

Apparent  lo  random  error  =  2.7*^ 

CO  bands  at  4.7  and  2.5  pm 
Average  profile  scaled  by  A  =0.32 
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Alpha  Hydrae (Alphard) 
Spectral  Type:  K4  III 


X  3900  K 


^{1)  = 


2.233x10"'’ 


/  / 

exp 


V 


5.001 


X(l  +  20.37/X) 


0.182 


-1 


Data,  Fit,  and  Residuals  for  a  Hya 
Data 

10“  1«“ 

Wcm'*  o  '  Wcm’^  O"’ 


Wavelength 

(pm) 

2.20 
2.22 
3.54 
3.76 
.  10,6 
10.6 
11.34 
21.0 


13.0  ±3.37r 
12.2  ±3.27r 
2.3 1  ±3.67c 
1.84  ±3.7% 
0.035.5  ±4.67c 
0.0374  ±8% 
0.0285  ±97c 
0.00229  ±10% 


12.65 

12.27 

2.347 

1.880 

0.03520 

0.03520 

0.02698 

0.002335 


=  2.4.  reduced  x*  =  0-34 

Apparent  lo  random  error  =  3.4% 

CO  bands  at  4.7  and  2.5  pm 
Average  profile  scaled  by  =  0.20 


Residuals 

(%) 


+2.8 

-0.6 

-1.6 

-2.1 

+0.9 

+6.3 

+5.6 

-1.9 
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Sigma  Librae  (Brachium) 


Spectral  Type:  M4  III 

«|)(X)  =  - 


r  3310  K 


3.525x10"" 


expi 


5.890 


U(l  + 24.00 


A  ^ 

-1 


/ 


Data,  Fit,  and  Residuals  for  a  Lib 


Wavelength 

(pm) 

Data 

lo" 

Wcm'^  p-‘ 

2.20 

15.7  ±3.8% 

2.22 

14.7  ±3.6% 

3..54 

2.93  ±3.7% 

3.76 

2,33  ±3.9% 

10,6 

0.0492  ±4.6% 

10.6 

0.0502  ±8% 

11. .34 

0.0384  ±9% 

21.0 

0.00293  ±10% 

X~  -  4,6,  reduced  ^  ^  =  0.66 

Apparent  ic  random  error  =  5% 

CO  bands  at  4.7  and  2.5  pm 
Average  profile  scaled  by  =  0.32 


Fit 

Residuals 

10-*^ 

(%> 

Wcm*^  p’ 

15.18 

+3.4 

14.74 

-0.3 

2.958 

-0.9 

2.381 

-2.1 

0.04660 

+5.6 

0.04660 

+7.7 

0.03577 

+7.4 

0.003121 

-6.1 
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Alpha  Lyrae  (Vega) 
Spectral  Type:  AO  V 


T^  :  9600K 
t:  5881  K 


^a)= 


3.952  xlQ-^^ 
3.315 

>.(1  + 13.51 


-1 


\ 

/ 


Data,  Fit,  and  Residuals  for  a  Lyr 


Wavelength 

(pm) 

Data 

10-'^ 

Wcm'^  p'‘ 

Fit 

10'^ 

Wcm'^  p*‘ 

Residuals 

(%) 

2.20 

30.6  ±3.8% 

30.00 

+2 

1.60 

12.36  ±3% 

12.72 

-2.8 

2.20 

4. 19  ±3% 

4.10 

+2.2 

2.22 

3.92  ±3.5% 

3.97 

-1.3 

_  3..S4 

0,682  ±3.5% 

0.696 

-2.0 

3.76 

0.544  ±3% 

0.553 

-1.6 

4.80 

0.2 19  ±5% 

0.216 

+  1.4 

10.6 

0.00965  ±3.5% 

0.00956 

+0.9 

10.6 

0.00986  ±7% 

0.00956 

+3.1 

11.34 

0.00753  ±8% 

0.00731 

+3.0 

21.0 

0.000773  ±10% 

0.000624 

+24  * 

*  a  Lyr  shows  excess  emission  from  surrounding  dust  at  20  jim  and  above. 
(Do  not  use  fit  values  beyond  12  pm.) 

Excluding  the  21 -pm  point,  =  3.1,  reduced  =  0.39 

Apparent  1 0  random  error  =  2.29c 

No  CO  bands 
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Alpha  Orionis  (Betelgeuse) 

Spectral  Type:  M2  I 

Variable  with  Circumstellar  Dust 


Below  8  pm. 


S.207X  IQ-*^ 

_  5.73  ^  ^ 

A.(1  +  23.37/?0®  '*^  r\ 


8-  lo  14-pm  ponion  of  a  Ori  spectrum 

X  Log((J))  X 

-I.V673  10.00 

8  1  10 '>s 

8-  -l.V70f,  10.50 

-13.724  10.75 

8-1  -13.730  IKK) 

8.1  -13  751  1125 

8  -13-7(1 1  11  SO 

8  7  -13  765  I17S 

8  8  -13  761  12  00 

831  -I3  76S  12  2S 

‘1(1  -13.761  12.50 

1  I  -13.761  12  7-1 

17  -13  761  |3(KI 

1  3  -13  761  13''S 

14  -13  7.-13  13^0 

1-1  -1.3.748  13,75 

I  f'  -13,732  14  oi) 

1.7  -13.717 

A  =0  35 

1ft-  to  32-Mm  portion  of  a  Ori  specruni 


2 1  ..10 

Ift.fKI  -14  6XH  21  7-1 

16.25  -14  671  22  00 

16.5(1  -14  670  22.25 

16.75  -14,670  22.50 

17  (Kl  -14.67(1  22.75 

17.25  -14  671  23.(Kt 

17.50  -14.686  23.25 

>77'5  -14.682  23.50 

18.(KI  -14  686  Tl  7S 

>8  25  -14  713  24  (K) 

18.5(1  -14  724  24  •'5 

18.75  -14.754  24  5(1 

IKKI  -14  762  24.75 

11.25  -14  781  25.00 

19.50  -I4KO0  25.25 

11  75  -14.816  21  i(» 

2()(K)  -14,833  -»S75 

-('2.1  -14.855  26.0() 

20.50  -14  877  26  25 

20  75  -14  896  26  50 

21.00  -14  915  26  75 

21  25  -14  938  27,(KI 


See  f  ij.'urc  B-7. 


Log((})) 

-13.727 
-13.780 
-13.821 
-13.861 
-1.3.902 
-1.3.942 
-13.983 
-14.023 
-14.064 
-14.104 
-14.145 
-14.1X5 
-14  225 
-14,266 
-14. .306 
-14. .347 
-14.387 


-14,962 

27.2.1 

-15. .368 

-14,980 

27..50 

-15.383 

-14.999 

27.75 

-15  402 

-15.019 

28.(K) 

-15  421 

-15.039 

28, 25 

-15.440 

-15.063 

28. .50 

-15  459 

-15.087 

28.75 

-15.473 

-15  101 

29.00 

-15.487 

-15  1  15 

29  25 

-15.505 

-15,137 

29..50 

-15.523 

-15,159 

29.75 

-15.538 

-15  175 

30.0!) 

-15.552 

-15.192 

30  25 

-15.572 

-15  21  1 

30.50 

-15.592 

-15  230 

.30.75 

-15.607 

-15.244 

31.00 

-15.621 

-15.258 

31.25 

-15.640 

-15.273 

31. .50 

-15.659 

-15.287 

31.75 

-15.678 

-I.5,.306 

32.00 

-15.697 

-15.325 

-15.339 

-15.354 

"W’lc  ' 


5  10  15  20  25  30 

WAVELENGTH  (pm) 


Motes 

Tno  pomoA  o(  the  a  On  spectrum  below  8  pm  is  obtained  by  titling  a 
curve  through  the  data  of  Merrill  and  Stem  |45)  between  2  and  4  pm 

The  8-  to  14-pm  portion  is  taken  directly  from  [45) 

The  lb  to  32-pm  portion  is  taken  from  Forrest  |44) 

The  normalization  oi  the  two  spectral  segments  were  set  sc  that 
when  integrated  over  the  12-  and  25  pm  IRAS  bands,  respectively 
(the  shape  ol  which  is  available  I'om  Beichman  et  al ).  and  compared 
to  the  standard  stars  integrated  ove  these  same  bands,  one  gets  the 
same  relative  rr-^gnitudes  obtained  m  the  IRAS  survey 

hnuif  B-7  Si>ei  truni  of  Alpha  Ononis  (Beteliicuse).  M2-I  superf;iani  with  circitmstellor  dust 
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Beta  Pegasi  (Scheat) 

Spectral  Type;  M2.5  II  to  III 
3470  K 

6.933x10"" 

^  [  ^-618  ^  ] 


Data,  Fit,  and  Residuals  for  (3  Peg 


Wavelength 

(pm) 

Data 

10" 

W’cm'^  p‘* 

Fit 

10  " 

Wfcm'^  p  * 

Residuals 

(») 

2.20 

32.90  ±3.5‘/r 

32.38 

+  1.6 

2.22 

30.76  ±3.59^ 

31.43 

-2.1 

3.54 

6. 11 2  ±3.9‘7< 

6.215 

-1.7 

3.76 

4.875  +49; 

4.995 

-2.4 

10.6 

0  09510+3  X9f 

0.0965 

-1.5 

10.6 

0  1005  ±79; 

0.0965 

+4.1 

1 1 .34 

0.0742  +89; 

0.0740 

+0.3 

21.0 

0.00687  ±109, 

0.00644 

+6.7 

=  2. 1 .  reduced  x]  = 

Apparent  lo  random  error  =  3.2‘?» 
CO  bands  at  4.7  and  2  5  pm 

Strecker  et  al.  (.7.5] 


Discrete  Tabulation  or  CO  Bands  for  Use  in  Integration  Over  Bands 


P  Peg  CO  band  absorption  at  2.5  pm 


Xtpm) 

1-CO 

X  (pm) 

1-CO 

X  (pm) 

1-Cf 

2.20 

0.998 

2.68 

0.779 

3.62 

0.994 

2.22 

0.994 

2.70 

0.787 

3.66 

0.994 

2.24 

0.989 

2.74 

0.800 

3.70 

0.996 

2.26 

0.975 

2.78 

0.816 

3.74 

0.999 

2.28 

0.953 

2.82 

0.831 

3.78 

0.999 

2..^0 

0.897 

2.86 

0.844 

3.82 

1.00 

2.32 

0.862 

2.90 

0.864 

2.34 

0.828 

2.94 

0.883 

2.36 

0.798 

2.98 

0.893 

2.38 

0.786 

3.02 

0.906 

2.40 

0.776 

3.06 

0.918 

2.42 

0.764 

3.10 

0.922 

2.44 

0.7M 

3.14 

0.934 

2.46 

0.759 

.3.18 

0.938 

2.48 

0.758 

3.22 

0.946 

2..‘i0 

0.755 

3.26 

0.953 

2.52 

0  752 

3  .30 

0.958 

2.54 

0.758 

3  .34 

0.963 

2.56 

0.763 

3.38 

0.962 

2.5.8 

0.768 

3.42 

0.974 

2.60 

0.767 

3.46 

0.976 

2.62 

0.771 

.3.5 

0.983 

2.64 

0.774 

3.54 

0.985 

2.66 

0.777 

.3..5H 

0.989 

P  Peg  CO  band  absorption  at  .5  |iiu 

3.90 

0.996 

6.4 

0.909 

4.0 

0.982 

6.5 

0.917 

4.1 

0.9.38 

6.6 

0.930 

4.2 

0.892 

6.7 

0.937 

4.3 

0.822 

6.8 

0.946 

4.4 

0.774 

6.9 

0.952 

4.5 

0.727 

7.0 

0.956 

4.6 

0.714 

7.1 

0.971 

4.7 

0.716 

7.2 

0.975 

4.8 

0.720 

7.3 

0.983 

4.9 

0.72.3 

7.4 

0.988 

.5.0 

0  716 

7.5 

0.993 

5.1 

0.721 

7.6 

1.00 

5.2 

0.7.34 

7.7 

5.3 

0.752 

5.4 

0.773 

5.5 

0.781 

5.6 

0  791 

5.7 

0.798 

5.8 

0.809 

5.9 

0.8.30 

6.0 

0.852 

6.1 

0.870 

6.2 

0.88.3 

6.3 

0.898 

See  Figure  B-8. 


095  - 

0  90  - 

0  05  - 

0  80  - 

0  75  - 


X 

3 


•  • 


WAVELENGTH  (urn) 


(b) 


X 

7 


Figure  B  H  Beta  Pe  f’dti  CO  hands  (ai  Sirecker  et  al.  data  and  (h)  same  data  and  extension 
Based  on  affine  transformation  of  2  2-  to  .fS-/(rn  reftton 
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Rho  Persci 

Sp«clral  Type:  M4  II  -  III 
r  3310  K 


A.  /  *i  ' 

5.812x10'" 

<P(A;- 

exp 

(  5.890 

-1 
'  > 

\  X(1  +  24.0/X)0'82^ 

1 

Data,  Fit,  and  Residuals  for  p  Per 

Wavelength 

(pm) 

Data 

10 

Wem'^  m  ' 

Fit 

lO" 

Wem'^  p" 

Residuals 

(») 

2.20 

32.90  ±3. 

32.38 

+  1.6 

2.22 

23.7  ±3.6Q 

24.31 

-2.5 

3.54 

4.74  ±49^ 

4.877 

-2.8 

3.76 

3.78  ±49i 

3.925 

-3.7 

10.6 

0.0742  ±5% 

0.07684 

-3.4 

10.6 

0.0758  ±8‘7 

0.076H4 

-1.4 

11. .34 

0.0579  ±9':; 

0.05898 

-1.8 

21.0 

0.00547  ±107; 

0.005146 

+6.3 

=  2.8.  reduced  x^,  =  0.40 

Apparent  lo  random  error  =  3.3*!^ 

CO  bands  ai  4.7  and  2.5  pm 
Average  profile  scaled  by  =  0.32 
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Alpha  Scorpii  (Antares) 

Spectral  Type:  MI  I 
Variable  with  Circumstellar  Dust 


Below  6.9  pm, 


(>(X)  = 


3.66  X  10“'® 


5.31  _ 

X(1  +  21.65/X)®'«2 
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6.9-  to  14-pm  ponion  of  a  Sco  spectrum 


X 

Log(O) 

X 

LogtOl 

6.9 

-13.573 

9.3 

-13.916 

7.0 

-1,3  ,594 

9  4 

-13.91 1 

7.1 

-1.3  613 

9.5 

-13.910 

7.2 

-1.3.6.37 

9.6 

-13.900 

7."! 

7.4 

-13.652 

-13.673 

9.7 

-13.890 

7.5 

-1.3  692 

10.00 

-13.906 

7  f) 

-13.712 

10.25 

-13.958 

7.7 

-13.733 

10.50 

-13.998 

7.8 

-1.3  754 

10.75 

-14.0.39 

7.9 

-13  775 

1 1.00 

-14.079 

8  (1 

-13.796 

1 1 .25 

-14.1 19 

8.1 

-13.815 

1 1.50 

-14  159 

8.2 

-13  829 

1 1.75 

-14  199 

8  .3 

-13,848 

12.00 

-14.239 

8.4 

-13,863 

12  25 

-14.278 

8.5 

-13,878 

12..50 

-14.319 

8,6 

-13.889 

12.75 

-14.358 

8.7 

-13  896 

l  3  (Kl 

-14. .39? 

8.8 

-13.897 

13,25 

-14.436 

8.9 

-13.907 

13. .5(1 

-14.475 

9.0 

-13.905 

13.75 

-14.515 

9.1 

9.2 

A  =  0..30 

-13,908 

-13.912 

14.(K» 

-14.553 

16  -  to  32-pm  ponion  of  a  Sco  spectrum 


16.00 

21. .50 

-15.350 

27.25 

-14.882 

2 1  75 

-15. 369 

27.50 

1 6.25 

-14.904 

22  (81 

-15.388 

27,75 

1 6.50 

-14.928 

22.25 

-15.408 

28  0() 

1 6  75 

-14.974 

22.50 

-15  428 

28.25 

17.00 

-14  990 

22.75 

-15.449 

28.50 

17.25 

-15.014 

23.(8) 

-15  470 

28.75 

1 7.50 

-15.027 

23.25 

-15.487 

29.0() 

1 7.75 

-15.040 

23  50 

-15. .504 

29.25 

18  00 

-15.056 

23.75 

-15.524 

29.50 

18.25 

-15  081 

24.(8) 

-15.543 

29.75 

18. .50 

-15.099 

24  25 

-15, .560 

30  (8) 

18  75 

-15.125 

24., 50 

-15.578 

30  25 

19.00 

-15.142 

24.75 

-1 5.596 

.30.50 

19.25 

-15.163 

25  (8) 

-15.614 

30.75 

19  50 

-15.184 

25  25 

-15.6.30 

31.00 

19.75 

-15.20.3 

2. 5.. 50 

-15.646 

31.25 

20.0(i 

-15.223 

25.75 

-15.662 

31.50 

20.25 

-15.245 

26.(8) 

-15.677 

31  75 

20.50 

-15.266 

26.25 

-15.695 

32.0() 

20.75 

-15.286 

26.50 

-15.713 

21  00 

-15.306 

26.75 

-15.728 

2 1 .25 

See  Figure  B-9. 

-15.328 

27.00 

-15.744 

LogCO) 


-15.759 

-15.774 

-15.791 

-15.808 

-15.825 

-15.842 

-15.857 

-15.872 

-15.888 

-15.904 

-15.921 

-15,9.5.^ 

-15.950 

-15.967 

-13.981 

-15.995 

-16.011 

-16.027 

-16.043 

-16.060 


III 
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Notes 

The  8-  to  14  |jm  portion  of  the  spectrum  was  taken  from  Merrill 
and  Stem  (451 

The  portion  pelow  8  pm  was  estimated  using  a  smooth  spectral 
curve  oi  the  type  used  for  stars  with  no  circumstellar  dust 

The  portion  beyond  t5  pm  was  estimated  by  adding  an  excess 
with  the  same  distribution  as  that  observed  in  a  On  to  the  assumed 
underlying  spectral  curve  The  amount  oi  excess  was  chosen  to 
give  the  correct  IRAS  magnrtudes  for  a  Sro 


Figure  B-9.  Spci  irum  of  Alpha  Scorpii  (Aniarest.  Ml -I  supergiant  viith 
cin  umsiellar  dust. 
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Alpha  Tauri  (Aldebaran) 
Speclral  Type:  K5  III 
3800  K 


<ti(X)  =  — 


1.025  X  10 


10 


exp 


5.131 


iX(l  +  20.9/X)O'«‘ 


-1 


Data,  Fit,  and  Residuals  for  a  Tau 


V5avelength 

Data 

(pml 

I0‘^ 

VVern'^  p  * 

2.20 

56.70  ±3.29{ 

2.22 

53.30  ±3.2Vf 

3.54 

10  .34  ±3.59f 

3.76 

«.245  t3.5<'/^ 

10.6 

0.1567  ±3^r 

10.6 

0.1601 

11.34 

0. 1 223  i8‘',r 

21.0 

0.01068  ±I(K7 

X'  0.9.  reduced  =  0. 1 2 

Apparent  lo  random  error  =  l.5'‘/f 

CO  band>  at  4.7  and  2.5  pm 
Sirecker  ei  al.  (.55) 


Fit 

Residuals 

10  '■* 

(*) 

VVem’^  p  ’ 

55.66 

+2.0 

53.98 

-1.3 

10.40 

-0.6 

8.339 

-11 

0.1571 

-0.3 

0.1571 

+  1.9 

0.1205 

+  1.5 

0.01044 

+2.3 
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Discrete  Tabulation  of  CO  Bands  for  Use  in  Integration  Over  Bands 


a  Tau  CO  band  absorption  at  2.5  pm 


1  -  CO 

X  (pm) 

1-CO 

2.26 

0.995 

2.74 

0.914 

2.28 

0.995 

2.78 

0.955 

2..'<0 

0.915 

2.82 

0.942 

2  12 

0.870 

2.86 

0.950 

2..^4 

0.842 

2.90 

0.965 

2..t6 

0.816 

2  94 

0.971 

2..^8 

0.805 

2.98 

0.975 

2.40 

0.80.5 

3.02 

0.985 

2.42 

0.802 

3.06 

0.982 

2.44 

0.806 

3.10 

0.985 

2.46 

0.807 

3.14 

0.984 

2.48 

0.809 

3.18 

0.987 

2.50 

0.816 

3.22 

0.987 

2.52 

0.819 

3^26 

0.992 

2.54 

0.825 

3..50 

0.995 

2.56 

0.8.5.5 

3.54 

0.995 

2.58 

0.84-t 

3.58 

0.995 

2.60 

0.852 

3.42 

0.995 

2.62 

0.862 

5.46 

0.996 

2.64 

0.87.5 

3.5 

1.00 

2.66 

0.879 

2.68 

0.886 

2,70 

0895 

a  Tau  CO  band  absorption  at  5  pm 


5.90 

1.00 

6  4 

0.914 

4.(1 

0.987 

6.5 

0.920 

4.1 

0.955 

6.6 

0.950 

4.2 

0.886 

6.7 

0.958 

4.5 

0.820 

6.8 

0.941 

4.4 

0.765 

6.9 

0.949 

4.5 

0.727 

7.0 

0.954 

4.6 

0.7.50 

7.1 

0.958 

4.7 

0.746 

7.2 

0.966 

4.8 

0.746 

7.5 

0.971 

4.9 

0.745 

7.4 

0.975 

5.0 

0.744 

7.5 

0.976 

5.1 

0.747 

7.6 

0.978 

5.2 

0.758 

7.7 

0.980 

5.5 

0.775 

7.8 

0.980 

5.4 

0.792 

8.0 

0.982 

5.5 

0.808 

8.2 

0.985 

5.6 

0.825 

8.4 

0.985 

5.7 

0.822 

8.6 

0.989 

5.8 

0.851 

8.8 

0.989 

5.9 

0.848 

9.0 

0.994 

6.0 

0.865 

9.2 

0.995 

6.1 

0.875 

9.4 

0.997 

6.2 

0.892 

9.6 

0.998 

6.5 

0.900 

9.8 

0.999 

See  Figure  B-IO. 


TRANSMISSION 


Figure  B  IO.  Alpha  Taun  CO  hands:  (a)  Sires  Lvi  ei  al.  data  on  a  Tau  CO  hands  and  (h)  same  data  ys'lih 
postulated  extension  beyond  S.y/um  based  on  affine  transformation  of  d.S-fxm  hand. 
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Muu  Ursa  Major  is 
Spectral  Type:  MO  III 


:  3730  K 


0(^)  = ' 


1.720x10“" 


exp 


5.226 


X(1  +  21..-^0/X)0'8‘ 


\ 

-] 
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Data,  Fit,  and  Residuals  for  ^  Uma 


Wavelength 

(ptn) 

Data 

lO" 

Wcm'^  p'' 

2.20 

9.21  ±3.89f 

2.22 

8.61  ±3.69^ 

3.54 

1 .676  t  3.69^ 

3.76 

1.336  i.t.?*:; 

10.6 

0.0247  ±4.6<;; 

10.6 

0.0252  ±7.65; 

1 1..''4 

0  01925  ±8  55; 

21.0 

0.001719  ±105; 

Fit 

lO*'* 

'cm‘^  p  * 

Residuals 

(») 

9.062 

+  1.6 

8.790 

-2.0 

1 .703 

-1.6 

1.366 

-2  ’’ 

0.02586 

-4.4 

0.02586 

-2.6 

0.01982 

-2.9 

0.001719 

0.0 

X'  =  2  2.  reduced  jr^,  =  0..^  I 

.apparent  lo  random  error  =  2..S‘7( 

CO  bands  a(  4.7  and  2..S  pni 
Average  profile  scaled  by  0.24 
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Delta  Virginis  (Auva) 
Spectral  Type;  M3  III 
3410  K 


0(A)  = 


_ 2.81  1  X  IQ-’' 

W  i  'i 

I  U(1  +  23.30/>.)0  '8- ; 


Data,  Fit,  and  Residuals  for  8  Vir 


Wavelength 

Data 

Fit 

Residuals 

(pm) 

10 

10 

(») 

Wcni'^  p  ' 

Wcm’^  p  ' 

2.20 

13.27  ±2  6^ 

12  74 

+4.2 

t  -vs 

12.41  ±3.45< 

12.37 

+0.3 

3.54 

2  41  ±3.99) 

2.459 

1 

b 

.^76 

1.920  ±3.90; 

1.97K 

-2.9 

lO.i 

0.03927  ±59; 

0.0383X 

+2.3 

10  6 

0.0401  ±H'., 

0.03838 

+4.5 

1  I..S4 

0.0306  ±90 

0.02945 

+3.9 

21.0 

0.(KI276  ±I() 

0.002565 

+7.6 

X'  =  3.5,  reduced  X^.  =  0.5(1 
Apparen:  lo  random  error  =  4*/^ 

CO  bands  ai  4.7  and  2.5  pm 

Average  profile  scaled  b\  A  =  0.^0 
'  <  •' 
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